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Abstract
A terminal is a critical location that can affect both service quality and capacity of a rail
line. With increasing ridership and rising expectation on rail service quality, terminal
capacity and performance have become a major concern for transit agencies. Recent
operations data from the Massachusetts Bay Transportation Authority (MBTA) and
Chicago Transit Authority (CTA) reveals that train congestion exists at key terminals
during peak hours, suggesting that capacity of their terminals might have been reached.
This thesis proposes a framework and specific models for the analysis of transit terminal
capacity and performance. The key factors that affect terminal capacity and performance
of a high-intensity terminal were found to be train arrival process at terminal, scheduled
train recovery time, and length of peak operations. A simulation model was developed
and shown to be a useful tool to predict performance of a 2-track stub-end terminal under
alternative schedule and operating conditions.
The proposed framework and models were applied to study the CTA Red Line 95 h Street
terminal. The minimum sustainable train headway that the terminal can support was
found to be 2.5 minutes, where practical capacity of the terminal is a function of
acceptable train delay. Human oversight of operations was found to be a critical element
of the current terminal operations, allowing reliable operations despite schedule
weaknesses and variability in train and terminal processes. The case study concluded that
9 5th terminal is not the governing constraint on line headway; future research is needed to
identify the constraining point(s) in other parts of the rail line.
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Chapter 1
Introduction
As rail ridership and train frequency have increased in many transit systems in recent
years, rail terminals have become a potential constraint on rail line capacity. Analysis of
recent operations data from the Massachusetts Bay Transportation Authority (MBTA)
and Chicago Transit Authority (CTA) reveals that train congestion exists at key terminals
during peak hours, suggesting that capacity of their terminals might have been reached
that constrain rail line capacity.
This thesis proposes a framework and specific models to analyze capacity and
performance of rail transit terminals. The focus of the thesis is on understanding how
different factors affect the train processing ability of a terminal.
This chapter presents the motivation for the thesis, states the thesis objectives, describes
the research methodology, and presents the outline of the thesis.
1.1 Motivation
A terminal is a critical element of a rail transit line. It is a focal point for passenger and
train movement, where passengers interchange with other rail lines or other modes of
transportation, and trains reverse direction (turn back) to provide continuing service in
the opposite direction. Careful planning and operations of a terminal are essential if
transit agencies are to ensure quality service to passengers, and to provide for effective
and efficient use of their infrastructure and human resources.
When a new rail line first starts operation, terminals should not be points that constrain
the capacity of the line. However, overtime, as the system matures and ridership
increases, there will often be a demand for more frequent train service that might or
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might not be supported by the initial terminal design, which was based on the train
frequencies required when the system was built. Also, when a rail system upgrades its
operations infrastructure (such as by introducing automatic train control) that enables
more frequent train service, a terminal could also become a point that constrains line
capacity.
Despite the importance of a terminal, planning the operations at a heavily utilized
terminal (with high train intensity) is not a simple task for two reasons: First, planning
operations at a terminal involves collaboration across multiple departments. For example,
when a transit agency wants to increase train service through a heavily utilized terminal,
collaboration between different departments is needed as follow:
1) Service planning department must first determine the proposed operating plan that
satisfy the desired service level from a line perspective
2) Signal department is consulted to see if the proposed train headway is sustainable
(at the terminals and other key points of the line) given the current signal system
3) The proposed operating plan will be passed to the operations department to check
operational feasibility
4) If the operating plan is approved by the signal and operations department,
schedule department will finalize the train schedule based on train and crew
availability
If any of these four departments does not do a complete job in their parts, terminal
performance could be impacted.
Second, there is a lack of well-established concepts and tools in the existing rail transit
literature that a transit agency can use to assess capacity and performance of heavily
utilized terminals (a more detail discussion is provided in Chapter 2). In view of this, this
thesis aims at clarifying concepts and developing tools that can help transit agencies to
better assess the capacity and performance of their terminals and to develop more robust
operating plans.
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1.2 Objectives of thesis
Under the broad goal of understanding capacity and performance of rail transit terminals,
this thesis has four specific objectives, they are:
1) Define capacity and performance of a rail transit terminal
2) Develop a framework to illustrate how different factors affect capacity and
performance of a terminal
3) Develop methods to illustrate and predict terminal performance under different
conditions
4) Apply the framework and methods developed to analyze a heavily utilized
terminal and make recommendations for improvements
1.3 Research methodology
To achieve these objectives, relevant concepts for terminal capacity and performance are
first introduced based on capacity definitions for transit rail lines. Then, an existing
framework for operations analysis is used to group together similar factors, which should
aid a transit agency in better understanding the complex situation at the terminal. After
that, a framework is proposed that suggests how capacity and performance of a terminal
can be analyzed, taking into consideration all the factors discussed. Finally a simulation
model is developed and used to investigate how sensitive terminal performance is to
selected parameters. Actual train movement data are used to validate the simulation
model.
A large portion of the methodologies developed above was based on experiences from
actual operations and design processes adopted in current transit agencies such as CTA
and MBTA. Site visits to terminals and meeting with people from various related
departments (e.g. signal, schedule, operations, planning) were conducted to understand
the actual design and operation of a rail transit terminal, which provided building blocks
for the development of this research methodology.
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1.4 Thesis Outline
Chapter 2 describes the fundamentals of terminals. It begins with a discussion of the
functions a terminal performs. Then it describes the typical components of a terminal and
how they match with these functions. After that, existing concepts on terminal
performance are discussed. Then, existing concepts and models on terminal capacity are
presented. Finally, given existing literature, the thesis focus is re-stated.
Chapter 3 presents the building blocks of the rail transit terminal study. It starts by
describing the train flow processes in a typical terminal. Then three common types of
terminals are described. Then relevant concepts of terminal capacity and performance of
rail terminal are defined. Based on the definitions, key parameters that affect capacity and
performance of a terminal are described using the 3-layer operations analysis framework
developed by Rahbee (2001). Finally a framework is presented that suggest a procedure
to analyze capacity and performance of a terminal.
Chapter 4 presents the simulation model developed to simulate terminal performance
under different train schedules and other terminal attributes. The need for a simulation
model is stated, then goals of the model are laid out. After that the structure of the model
is presented, followed by a description of how different performance measures are
generated by the model. Finally, the procedures for applying the simulation model in a
terminal analysis are described.
Chapter 5 presents a case study of the CTA Red Line 95"t' Street terminal. Background
for the case study is first presented, followed by a description of current operations using
actual data (infrastructure, schedule, and operations) from the CTA. After that, results of
simulation analyses are discussed. Finally, conclusions on the 9 5th terminal capacity and
performance are stated and recommendations for improvements presented.
Chapter 6 summarizes the findings of the thesis, and recommends topics for future
research.
18
Chapter 2
Fundamentals of terminals
This chapter reviews the fundamental concepts relevant to terminal capacity and
performance in general and to rail transit terminals in particular. Functions and
components of a terminal are described first, followed by an introduction to the
performance of a terminal. These sections are largely based on existing literature.
2.1 Functions of Terminals
2.1.1 Functions of general terminals
According to the Transportation Planning Handbook (1999), a transportation terminal is
an interface area where passengers or freight enter and/or leave, or change modes. The
functions of transportation terminals are shown in Table 2-1 below:
Table 2-1 - Functions of Transportation terminals
1) Sorting of passengers (freight)
2) Loading and unloading of passengers (freight)
3) Transferring from one vehicle to another
4) Holding passengers (freight)
a. Provision of comfort amenities for passengers
b. Possible processing of freight
5) Documenting movement
a. Passenger ticket sales, fare/revenue collection, checking
b. Freight billing
6) Handling vehicles
7) Security processes
Source: Edward K. Morlok, Introduction to Transportation Engineering and Planning, McGraw-Hill, 1978
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Depending on the type, a terminal will incorporate some or all of the above functions. For
example, most rail transit terminals do not handle freight, and terminals located in rural
areas might not have security processes built in.
In order to accomplish the stated functions, the Handbook suggests that a process
flowchart could be used to understand terminals. Figure 2-1 below is a simple process
flowchart that treats a terminal as a single "black box" processor with simple inputs and
outputs of vehicles, passengers, and freight.
Vehirle
Terminal P
Passengers
(freight)
Figure 2-1 - Simplified process flowchart of a transport terminal
Source: Edward K. Morlok, Introduction to Transportation Engineering and Planning, McGraw-Hill, 1978
2.1.2 Functions of an urban rail transit terminal
Based on the functions suggested by Morlok (1978) in Section 2.1.1, functions of a rail
transit terminal (referred to simply as a terminal hereafter) are listed in Table 2-2 below:
Table 2-2 - Functions of a Rail Rapid Transit Terminal
1) Sorting and transferring passengers
a. Provide adequate assistance/information to passengers
2) Loading and unloading of passengers
3) Holding passengers
a. Provision of safe and comfort amenities for passengers
4) Documenting movement
a. Ticket sales, fare collection
5) Supervise/monitor train service
a. Turn-back, storage and maintenance
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2.2 Terminal components
To achieve the functions stated in Section 2.1.2, a typical urban rail transit terminal can
be divided into three components: The access system, passenger facilities, and train
facilities (Figure 2-2). The functions and elements of the three components are first
described, followed by their relation to the various functions.
Access system Passenger facilities H Train facilities
Figure 2-2 - simplified layout of a rail transit terminal
The access system provides the means for passenger to access to and egress from the
terminal. It includes all transportation modes that link to the terminal such as bus stops,
jitney stops, walk links, and parking for cars etc.
Passenger facilities include the physical structure of the terminal that allow all kinds of
passenger-based activities at a terminal. It typically includes station facilities such as
gates, ticket vending, information booth, walkways, stairs, escalators and elevators, and
the platforms.
Train facilities are the basis for train and crew movement on the rail line. Trains reverse
directions at a terminal or go into train yard for storage or maintenance. For crews, the
terminal represents a common location for crew relief. To management, a terminal is one
of the most important points on a rail line to monitor train service. The train facilities at a
terminal consists of train tracks, turn back tracks, interlockings, operations facilities, yard
facilities, etc.
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The functions of terminals suggested in Section 2.1 can be mapped to the appropriate
component(s) in a terminal, as shown in Table 2-3.
Table 2-3 - Components involved for each function
Function Access system Passenger facilities Train facilities
Passenger flow x x
Assistance/Information x* x x
Environment x
Ticketing, fare payment x
Service Supervision x x
* Depending on the mode, access system might have transfer information to rail system
2.3 Performance of a terminal
This section discusses aspects of performance that are appropriate in evaluating a
passenger terminal. To gain a broad perspective on performance, performance of rail
transit station and intermodal passenger terminals are first reviewed. Then various
measures are suggested which could be used to evaluate the performance of an urban rail
transit terminal.
2.3.1 Performance of a rail transit station
This section discusses current literature on rail transit station performance, as a terminal
can be seen as a station on a rail transit line. As referred to in the Transportation
Planning Handbook (1999), Vuchic (1981) suggested that the design of a rail transit
controlled-access station should be based on careful analysis of the three major affected
parties; passengers, the operating agency and the community:
Passengers:
- Minimum time and distance for transfers
- Convenience (information, circulation patterns and capacity, easy boarding and
alighting, provision for the disabled)
- Comfort
22
Safety and security
Operating agency:
- Minimum operation costs
- Adequate capacity of the transit system and pedestrian areas
- Flexibility of operations (peaking conditions, change of fare payment)
- Visibility of platforms, fare collection for supervision
- Good integration with surrounding areas, utilization of station areas
Community:
- Short-term impact (environmental, traffic)
- Long-term impact (station development)
Hoel (1976) defined a set of objectives for evaluating transit interchange facilities based
on the perspective of the user, special user, and operator, which are grouped under four
areas below:
1) Passenger processing (directness, crowding, information)
2) Environmental concern (aesthetic, comfort, security)
3) Economy (revenue, costs)
4) Design flexibility (for future station modification)
He then suggested criteria and performance measures that could be used to describe
performance with respect to each objective.
Hoel's study focuses on how to measure performance on the passenger facilities
component of a station, but describe no performance measure about the train facilities
side of a station. Vuchic's discussion on rail transit stations mentions the need for
adequate capacity of the transit system at a station, but does not explain in greater detail
what is the meaning of "adequate capacity".
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Therefore, there is a lack of relevant definitions of train-side station performance measure
from both of the study. However, train side performance of a station, as mentioned by
Vuchic, is arguably a factor that could affect station performance. For example, if there is
poor on-time performance and vehicle congestion entering and leaving a station, service
quality for passengers accessing the station will be affected.
2.3.2 Performance of an intermodal passenger terminal
Seneviratne (1995) proposed a set of measures that describe the performance of a typical
intermodal passenger terminal. He summarized performance of a terminal in terms of two
major categories: efficiency measures that reflect user expectations, and productivity
measures that serve as indicators of performance for the operator. The suggested
measures are shown below:
1) Walking distance (for transfers)
2) Orientation (passenger information inside terminal)
3) Availability of Space
4) Reliability (of connections)
5) Average daily transfer cost (operating, capital cost / passenger throughput)
6) Number of service destinations
7) Terminal accessibility (coefficient of variation of travel distance and travel time)
Although reliability of transit service is included in his study, the measures are far less
comprehensive then those suggested by Vuchic or Hoel. The author also acknowledged
that the feasibility of this performance assessment would likely be constrained due to its
high demand for data.
2.3.3 Performance categories for a rail transit terminal
Existing literature on rail transit terminals pay little attention to the train facilities
component of a terminal (see Section 2.2). Expanding on the Hoel's four design
categories (Section 2.2), Table 2-4 presents a more comprehensive list of different
aspects of terminal performance by adding a fifth category - train processing, to the list.
24
Table 2-4 - Suggested terminal aspects of rail transit terminal performance
Performance Category User2  Special User2  Transit Operator 2
1) Passenger Processing 0 Travel impedances 0 Same as User 0 Fare Collection
* Crowding 0 + Physical Barriers and Entry
* Queueing 0 Station Size
* Conflicts
* Orientation
* Safety
* Reliability
* Fare Collection and
Entry
* Level Changes
2) Environmental 0 Ambient 0 Same as User 0 Security
Environment
* Lighting
* Rest Areas
* Aesthetic Quality
* Services
* Weather
* Security
3) Train Processing' * Quality of Train 0 Same as User Quality of Train
Service at terminal service
o Reliability * Capacity
o Speed (throughput) of
Terminal
* Operating costs
o Crew
o Equipment
4) Economy 0 Maintenance
Costs
* Total First Cost
* Incremental Cost
* Income
* Energy
Requirements
5) Design Flexibility * Joint
Development
* Design Flexibility
* This table is taken from Hoel's report: Criteria for evaluating alternative transit station designs, 1975.
with additions
New category
2 Definitions of the performance measures and their standards for categories 1, 2, 4 and 5 can be found in
the Appendix of Hoel: Criteriafor evaluating alternative transit station designs, 1975.
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2.4 Existing concepts and models on capacity
After reviewing concepts for terminal performance, this section starts the discussion of
capacity for rail transit terminal. To gain a broad perspective on capacity, capacity
concepts for a general terminal are reviewed first, then existing approaches to rail line
capacity are presented. Finally a simple model for the capacity of a 2-track stub-end
terminal is presented.
2.4.1 Capacity of a general terminal
According to the Transportation Planning Handbook (1999), the capacity of a terminal or
other interface is the maximum possible flow of traffic units per unit time, where capacity
determinations need to be coupled with consideration of the concept of level of service,
which is usually measured by waiting times or delays.
Considering the terminal as a processor that processes passengers and trains, with a
constant processing rate and varying arrival headways, a typical time-volume relationship
is shown in Figure 2-3 below:
Time in system Capacity
(Service rate)
Maximum
tolerable
delay L
Appropriate 
Arrival rate
capacity
Figure 2-3 - Typical time-volume curve for a terminal processor
As seen from Figure 2-3, when arrival rate is close to the capacity (service rate), the
expected time a passenger/train stays in a system approaches infinity. Even if the average
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arrival rate is smaller than the capacity, delays will occur because of the inevitable
randomness in the arrival and service processes. When a maximum tolerable average
delay is established, the appropriate capacity of the processor can be determined.
The concept of the time-volume relationship discussed above has been widely applied to
airport and railroad terminal queuing analysis. For example, in a freight railroad terminal
study, Martland at el (1996) incorporated stead-state queuing models to analyze capacity
of a freight railroad terminal, where multi-server queuing model was used to represent the
different train processes at the terminal.
In the airport context, queuing model was applied by Andersson at el (2000) to study
ground operations at hub airports, and Fujiki (1981) applied queuing theory to analyze
passenger flow inside the airport passenger terminal.
However, simple steady state queuing analyses is not applicable for the study of rail
transit terminal capacity for two reasons:
1) The assumption of independently generated arrivals is violated. Train inter-arrival
times are unlikely to be independent under small headway operations in peak
operations
2) Arrival rates and departure rates could change within a peak period (e.g. gradual
changes in train headway in the CTA rail system over a peak period), this
prevents a terminal from attaining steady state operations during the peak.
2.4.2 Capacity of a rail transit line
According to the Transit Capacity and Quality of Service Manual (1999), the terminal is
one of four locations (the others being between stations, at stations, and at major
intersections) on a rail line that could constrain line capacity. While terminal capacity of
a new system should not be a constraining factor on a line, the terminal can become a
bottleneck for an existing rail line if the level of train movements through the terminal
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increases over time, as is the case for some rail systems having turnback constraints at
their terminals.1
In order to approach the appropriate definition of terminal capacity, definitions of line
capacity are reviewed in this section.
According to Rail Transit Capacity (1995), rail transit capacity is defined as:
The maximum number ofpassengers that can be carried in an hour, in one direction on a
single track.
Under this general definition, the document further defines Design Capacity and
Achievable Capacity as follows:
Design Capacity (or theoretical capacity): The maximum number of passenger spaces
passing a single point in an hour, in one direction on a single track
Achievable Capacity (or practical capacity): The maximum number of passengers that
can be carried in an hour in one direction on a single track allowing for the diversity of
demand
These definitions can be expressed as the following equations:
Design capacity = Line Capacity x Train Capacity
(max. passenger/ hour) (max. train/hour) (passenger space /train)
Achievable capacity = Design Capacity x Peak Hour Diversity Factor
(passenger / hour)
'Rail Transit Survey (quoted in Rail Transit Capacity)
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In the achievable capacity equation, a diversity factor is multiplied by the design capacity
because of demand fluctuation over the peak hour which means that not all cars or all
trains are equally full of passengers.
As seen from this Line Capacity definition, this document only suggests the theoretical
train processing capability at any point of the line, considering demand fluctuation over
the peak hour. This definition of capacity is not directly applicable to analyzing a
congested terminal, as capacity is affected by other factors such as amount of train
recovery time, and variability of train and crew activities at the terminal, but the concepts
of design capacity and achievable capacity are certainly applicable.
2.4.3 A capacity model for a 2-track stub-end terminal
A simple model is presented in Rail Transit Capacity (1995) to estimate the capacity of a
2-track stub-end terminal based on infrastructure layout and train movement
characteristics. The station and track layout is shown in Figure 2-4:
directio
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Figure 2-4 - Terminal station track layout
The following steps are suggested to estimate the capacity of the terminal under a worst-
case scenario in which each arriving train is held at the signal in front of the crossover
while a train departs. Therefore the arriving train must accelerate from a stop, traverse the
crossover and be fully berthed in the station before the next exiting train can leave.
1) Find approach distance
Da = P + T + CS
where Da approach distance
P platform length
T = distance from cross-over to platform
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S track separation (- platform width + 1.6m)
C switch angle factor (5.77 for #6 switch, 6.41 for #8 switch, 9.62 for #10
switch)
2) Find approach time (or exit time)
2D 2(P+T+I-CS)
t =2 a =2 ~C t
" a+d a,+ d,
where ta = approach time
as initial service acceleration rate in M/s 2
ds =service deceleration rate in m/s2
te terminal exit time
3) Minimum headway allowed:
t, +te +ta
2
where H(t)
ta
te
tt
ts
terminal headway
terminal approach time
terminal exit time
terminal layover time
switch throw and lock time
In this model, each train goes through the three processes (approach, layover, exit) when
it arrives at the terminal. The approach time is the time a train needs to move from the
crossover to a complete stop at the terminal platform, exit time is the time between a train
starting to depart until it clears the crossover, and the layover time is the time between a
train arrival and departure.
Although this model incorporates train recovery time (terminal layover time in the
model) in the capacity calculation, it does not show the effect of recovery time on overall
performance, and it does not take into account variability in the terminal processes such
as train arrivals and dwell times. Also, it assumes no train cruising time when trains are
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entering the platform, which might not be true as there could be speed limits imposed no
trains at crossovers for safety reasons.
Alternative, cycle time of trains can be applied in estimating theoretical capacity of a
terminal, which will be illustrated in Section 5.2.6.
2.5 Summary
Compared to the many studies conducted on passenger flows and station design of a
terminal 2, there are relatively few studies on the rail side of transit terminal operations.
Available models of rail transit capacity suggest only a theoretical equation for one
particular type of terminal, which is not adequate for analyzing terminals that experience
train congestion as a result of operational process time variability. Therefore, this thesis
will focus on developing and refining capacity concepts relevant to rail terminals, and on
developing tools that can be used to study the sensitivity of performance to various
parameters.
2 Example include:
Bus: NCHRP Report 3155, Bus Use of Highway, Washington, D.C. Transportation Research Board, 1975.
Light Rail: Final Environmental Impact Statement 4(f) Statement for the Newark-Elizabeth Rail Link,
Newark, N.J. Transit and Federal Transit Administration, September 1998.
Rapid Rail, Ferry: Urban Public Transportation Systems and Technology, Prentice Hall 1981.
Airport: Planning and Design of Airports, Fourth Edition, McGraw-Hill, 1994
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Chapter 3
Analyzing Terminal Capacity and Performance
This chapter describes the core conc.epts and presents a framework for analyzing
terminal capacity and performance. First, train movements at a terminal are described,
and then three common types of terminal are discussed. After that, the terminal capacity
and performance concepts will be defined. Then, parameters that affect the capacity and
performance of a terminal are discussed. Finally, a framework is presented to illustrate
how different parameters can be linked to analyze capacity and performance of a
terminal.
3.1 Train movements at a terminal
Before discussing the key concepts for terminal capacity and performance analysis, this
section first describes the typical train movements and processes at a terminal. When
taking a broad view, a terminal can be seen as a "black box", which processes two types
of inputs and produces two types of outputs as shown in Figure 3-1 below:
End of service in one direction Turn back and continue service
Terminal
Pullout from yard Layup
Figure 3-1 - Terminal as a "black box"
A train pullout here refers to moving a train from a storage yard to the terminal platform
before it starts revenue service; and a train layup takes a train out of service by moving it
from the terminal platform into the storage yard. They are applicable only to terminals
that have a yard or storage tracks located next to the terminal station.
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If we take a closer look into the "black box", train movements at a terminal can be
viewed as a series of processes, which are shown in Figure 3-2 below:
End of service in one direction Pull-out
r---------------------- ------------------ ------ I
Wait for permission (e.g. signal) to enter terminal
Terminal
Area Train proceeds and berths at platform
Train dwell at platform (unloading of
passenger, train checking, cleaning)
Train turn back movement (Relay and Loop Lay-up
onerations only)
Train dwell at platform before departure (crew set up
train, load passengers)
Wait for permission to depart
Departure for service in other direction
Figure 3.2 - Processes of train movement at terminal
As shown in Figure 3-2, all trains go through a series of processes when passing through
a terminal. Since trains have to complete one process before starting another, train
movement in a terminal can be modeled by simply linking the finishing time of a process
to the starting time of the following one. This approach is used in building the train
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movement simulation model, which will be used to address questions of capacity and
performance of a terminal and is described in Chapter 4.
3.2 Terminal types
In rail transit systems, there are three main types of terminals: stub-end, relay, and loop
terminals. They represent three different ways trains can be turned at a terminal. This
section describes the layout and the path of train movement for each terminal type.
3.2.1 Stub-end terminal
The stub-end terminal is probably the most common type of rail transit terminal in the
US. In a stub-end terminal, trains arrive and depart from the same platform and so all the
passenger and crew activities happen during the time the train stays on the platform.
Figure 3-3 shows the typical train movement at a 2-track stub-end terminal.
Depending upon availability, trains can berth at either platform at the terminal. Usually
the platform that is aligned with the departure track is preferred so that the departing train
will not interfere with any incoming train on the arrival track.
Departure To/from storage
tracks (if they exist)
Terminal platform
Arrival
Interlocking
Train movement (preferred)
---- - Train movement
Figure 3-3 - Train movement in a stub-end terminal
Under low frequency operations, only 1 platform (the preferred) may be used for train
turnback. In high frequency operations, both platforms would be needed for train
processing. In this case trains would enter the terminal alternating on either side of the
platform, and then process passengers and wait there for their next departure. Conflicting
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train movement at the crossover in front of the terminal will occur, resulting in delays to
some trains. If a train yard is located behind the terminal, pullouts and layups can occur at
either track.
Note that besides the 2-track stub-end terminal, there are stub-end terminals with three
tracks at the terminal; one way to configure a 3-track stub-end terminal is illustrated in
Figure 3-4. Similar to a 2-track stub-end terminal, trains berth at one of the three
platforms according to availability and priority. Usually the third track is used for
pullouts and layups, whereas the remaining tracks will be used for ordinary turnbacks.
Departure
Terminal platform
Arrival Terminal platform
Third track
P Layup
Pullout
Figure 3-4 - Layout of a 3-track stub-end terminal
A 3-track stub-end terminal is preferred to a 2-track stub-end because the extra track
allows more flexibility in operations. For example, when there is a problem train that
requires inspection at terminal, it can be diverted to the third track; while ordinary trains
can continue their turnbacks on the two remaining tracks. Also, having an extra track
allows pullouts and layups without interfering with ordinary turnback movements.
3.2.2 Relay terminal
In a relay terminal, trains use separate tracks/platforms for arrival and departure. Figure
3-5 shows the layout of a 2-track relay terminal.
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Upon completion of the arrival and unloading processes at the arrival platform, the train
will proceed behind the terminal, then the crew (operator or platform crew) changes ends
and resets the train control, and then drives the train back to the departure platform for
passenger boarding and to await its next departure.
Departure
.A
Arrnval
Direction of train movement
Figure 3-5 - Train movement in a relay terminal
The relay terminal has a higher crew cost then does a stub-end terminal, since the crew is
needed to operate the train beyond the terminal during the turnback. If a train yard is
located at the terminal, layups will go through the arrival platform before entering the
yard, and pullouts would enter the departure track before starting revenue service.
3.2.3 Loop terminal
Similar to a relay terminal, trains move behind the terminal to reverse directions. After
depositing passengers at the arrival platform, the train proceeds through a loop track
behind the terminal to the departure platform where it loads passengers and awaits its
next departure.
De
Arr
parture
val Terminal platform
* Direction of train turnback
Figure 3-6 - Train movement in a Loop terminal
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A loop terminal can allow a faster turn back of train then a relay terminal, as crews do not
have to change ends beyond the terminal. However, loop terminals require more land for
the loop track and the train movement distance is generally larger than for relay
operations.
3.3 Defining capacity and performance of a terminal
Capacity and performance of a terminal relate to the terminal's ability to process trains.
Since there is a lack of an existing clear definition for terminal capacity and its
relationship with terminal performance (see Chapter 2), this section attempts to clarify
concepts of terminal capacity and its relationship with terminal performance. The first
part of this section will refine the concept of terminal capacity, then the second part will
define and describe the performance of a terminal.
3.3.1 Capacity of a terminal
In the context of a terminal, train capacity is affected not only by minimum safe train
separation and dwell time, but also by the processes of train turn back, train and crew
recovery, and pullouts and layups for a terminal with an associated yard. In order to aid
the understanding of terminal capacity, this section describes the concepts of theoretical
capacity, train recovery time, yard moves, queuing delays implied by consistent
minimum arrival headways and finally of practical capacity.
1) Theoretical capacity of a terminal
Theoretical capacity is defined here as:
Maximum number of incoming trains a terminal can process in unit time based on
existing infrastructure and type of operations (see section 3.4.2)
To achieve this theoretical capacity, trains are assumed to enter and leave the terminal
under deterministic and minimum time, with no buffer time to absorb delays from train
arrival and terminal processes (section 3.1), and with no yard moves such as pullouts and
layups. Capacity is defined here as the ability to process incoming trains because this
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definition matches the definition of line capacity, where capacity is used as an indicator
to quantify train throughput at a fixed point on a rail line.
The unit of theoretical capacity is the number of trains per hour (or per peak period). This
figure represents the upper bound for terminal throughput only and will seldom be
reached because:
i) Adequate buffer time at a terminal is always needed to absorb delays due to
variability of train arrivals and terminal processes. This helps ensure
reliability of train departure times
ii) Train pullouts and layups will affect terminal throughput
iii) Achieving the consistent minimum headways would almost certainly imply
unacceptably long queuing delays for trains entering the terminal
The following sections will describe in more detail why the above factors prevent a
terminal running at, or close to its theoretical capacity.
2) The need for recovery time at a terminal
Train recovery time is needed in actual train operations for the following reasons:
a) To comply with labor agreements that specify length of crew break at a terminal
b) To absorb delays from arrivals and terminal activities such that arriving trains can
depart their next trip on-time with high probability
The need for train recovery time for crew breaks could be lessoned by the use of crew
fall-backs (e.g. Chicago Transit Authority, New York City Transit), where crews drop
back one (or more) trains at the terminal. For train performance, it is important to set an
appropriate recovery time at a terminal because of the sensitivity of overall terminal
performance to the recovery time.
If inadequate recovery time is provided, then delays from the arrival and terminal
processes might not be absorbed completely, which can affect departure reliability and
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hence service quality on the whole line. In addition, more demanding real time service
management will be needed to accommodate the variability.
If too much recovery time is provided, the terminal's maximum schedule throughput will
be reduced. Too much recovery time could also cause congestion to incoming trains if it
exceeds a threshold for a specific scheduled headway (to be discussed in Section 5.4.4)
and type of terminal operations. Finally crew and train productivity will be reduced
resulting in higher costs.
The simulation model developed in Chapter 4 will be used to illustrate the impact of
recovery time on other aspects of terminal performance.
3) The effect of train pullouts and layups on capacity
For terminals that include train yards, train pullouts and layups can also affect the
capacity of the terminal as explained below:
Recall that in the theoretical capacity section, capacity was defined as the ability of a
terminal to process incoming trains. Since the ability of a terminal to process incoming
trains is directly related to the availability of an empty platform, and some platform time
will be lost when trains are pulling out from the yard, having train pullouts during the
period of concern may lower the capacity of a terminal.
Having trains layup at a terminal can either increase or decrease the capacity. If time
required for a layup train to clear the platform upon arrival is larger than the time it
would have required for its next departure (assuming it had continued in service), the
capacity of the terminal would be lowered with scheduled lay ups, and vice versa.
After passengers are unloaded at the terminal, operators and/or station personnel need to
check the train to ensure no passengers remain on board before laying up the train to the
yard. The time required for this process is affected by train length, frequency of
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passengers staying behind in the train, and personnel available at the platform to help
check the train.
4) Queuing delays implied by consistent minimum arrival headways
Because of variability present in the train arrival and terminal processes, if a terminal is
run consistently at its theoretical minimum headway and the minimum headway is
smaller than, or close to, the time need for train turnback, any delays can cause trains to
queue up in front of the terminal, and might affect the reliability of their subsequent
departures if recovery time is insufficient.
5) Concept of practical capacity
Because of the need for recovery time, the potential impact of yard movements, and the
queuing delays implied by consistent minimum arrival headways, theoretical capacity can
not be used as a target for transit agencies to schedule train movements at a terminal. Of
more interest is the practical, or achievable, capacity of a terminal, which is defined here
as:
Maximum number of incoming trains a terminal can process per unit time with
acceptable terminal performance
Terminal performance here includes schedule throughput, terminal congestion, service
reliability (for departing train), and operating cost. These four aspects of performance
will be defined in the following section 3.3.2.
Currently there is no standard definition on what is "acceptable" for the various aspects
of performance. In view of this, instead of suggesting what is "acceptable", Chapter 4 of
this thesis will propose a tool that transit agencies could use to help decide what is
acceptable recognizing the costs and benefits of different levels of performance.
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3.3.2 Performance of a terminal
This section defines the four key aspects of performance that should be considered in
designing and operating a rail transit terminal: train throughput, terminal congestion,
schedule adherence, and operating cost.
Train throughput
Scheduled throughput is the number of trains scheduled to be processed through the
terminal, it is a term commonly used in transit agencies to describe train intensity at a
point on a rail line. It is a direct function of the service requirement of the whole line in a
certain period of time. Its unit is number of trains per hour/ time period. In a theoretical
sense, a terminal performs better if it allows higher throughput to be scheduled. Actual
throughput is the actual number of trains processed by a terminal per unit of time. It
describes the actual ability of a terminal to process incoming trains. For example, if more
trains are scheduled to enter a terminal than it can process, actual throughout would be
lower than the scheduled throughput.
Terminal congestion
Terminal congestion is the term used to describe trains queuing to enter the terminal. It is
bad for passenger service quality since terminal congestion increases passenger travel
time, and might cause passengers to miss their rail or bus connections at the terminal.
Also, having regular terminal congestion would affect train cycle time, and hence could
affect operating cost and train and crew requirements. Terminal congestion can be
measured by tracking running time of the train from a distance before the terminal (1-2
stations before the terminal, depending on station spacing) to the terminal.
Schedule adherence
Schedule adherence is the ability of trains to operate according to the schedule set in the
operations plan. In the context of terminal performance, schedule adherence for train
departures at the terminal would be a critical performance indicator to monitor because
disrupted departures affect service for the whole line (Eberlein, 1995). Schedule
adherence for departing trains (or departure reliability) can be measured by delay of
41
actual departure relative to the schedule departure, and the inter-departure time
variability. It is affected by the amount of variability in the arrival and terminal processes,
and the amount of train recovery time in the schedule.
Costs
In addition to capacity and service quality (in terms of terminal congestion and schedule
adherence), costs involved in terminal design and operations will be critical for the transit
agency. For example, if a transit agency wants to compare the cost and benefit of
operating a 2-track terminal as a stub-end or relay terminal, they will want to compare the
relevant operating costs of both types of terminal. Some of the short-term and long-term
costs are listed as follows:
Short-term
- Crew cost to turnback trains at terminal
- Operator cost of the whole rail line, which is affected by train recovery time at
terminal and queuing delays
- Cost of other operations personnel at terminal (supervision and train cleaning and
checking)
Long-term
- Cost of expanding infrastructure (tracks, platforms, switches, signal system)
3.4 Key parameters affecting capacity and performance of a terminal
This section describes in detail all the key parameters that affect the performance of a
terminal. A terminal is one of the most complicated facets of a rail system to design and
operate, as there are many interrelated factors that can affect its performance. For
example, when a terminal experiences congestion, operations people are likely to
complain that the problem is the schedule, the schedulers would claim there are always
uncertainties in the real world that the schedule cannot account for, and service planners
would argue that they need certain service frequencies to meet the service standards and
satisfy demand.
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3.4.1 Operations analysis framework
To aid in understanding all the parameters that affect performance of a terminal, the
operations analysis framework developed by Rahbee (2001) is used, which suggests a
hierarchical way to look at rail operations as illustrated in Figure 3-7 below:
Line Characteristics
Operating Plan
Service Management
Figure 3-7 Operations analysis framework for a rail transit line
Line characteristics
Line characteristics are the set of fixed rail line operating attributes a transit agency must
recognize in developing the operating plan. It includes fixed infrastructure, control
system, energy management, route management, vehicles, work rules, maintenance,
incidents, and passenger flows. They are fixed in the short run, representing constraints
on what a transit system CAN DO in terms of service provision. In the longer run of
course many of the line characteristics can be changed with additional investment.
Operating plan
Based on the fixed line characteristics, service planner and schedulers can then lay out
the operating plan, namely the train and crew schedule for the line. The operating plan
specifies train length, frequency, train running time, train recovery time, and crew
schedule. The operating plan of an existing rail line represents the service the transit
system is scheduled to deliver.
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Service Management
Also know as operations control or service control, service management is the real-time
implementation of the operating plan. Two common functions of service management are
service maintenance and disruption recovery.
The key parameters that affect capacity and performance of a terminal for each of these
three layers are described in the following three sections.
3.4.2 Line characteristics
For fixed line characteristics, parameters that affect terminal capacity and performance
can be grouped into two categories: Infrastructure and operational characteristics.
a) Infrastructure:
- Platform characteristics
- Layout of platform, tracks and interlockings
- Terminal facilities
- Control system configuration, performance
- Yard location
Platform characteristics
The number of platform tracks constrains the flexibility of train movement in and out of
the terminal. For example, if a single rail line terminal has two platform tracks at the
terminal station, any bad order (BO) train arriving at the terminal will reduce the
operational tracks at the terminal from two to one, which will severely impact terminal
train capacity; whereas having three platform tracks at that terminal would allow storage
for a BO train without impacting the operating plan.
Besides the number of platforms, length of platform could also impact terminal
performance. The longer the terminal platform; the more flexibly the terminal can be
operated. For example, longer platforms at a terminal allow longer trains to be berthed at
terminal. In the context of terminal that berth trains from different rail lines (e.g. MBTA
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Green Line Park Street Station, CTA Red Line Howard Street terminal), longer terminal
platforms provide greater flexibility for multiple berthing of trains.
In additional to the number and length of platforms, width of platforms and the
availability of appropriate signs (train berthing, door location) would affect passenger
loading and unloading time, which could in turn affect train dwell time at the terminal.
Layout ofplatform, track and interlockings
Track and interlocking configurations constrain options for train turn-back and yard
movement. An interlocking is a set of crossovers that is controlled by computer logic to
prevent conflicting train movement, which usually consists of multiple crossovers. For a
standard single rail line terminal, a crossover is usually present in front of and/or behind
the terminal platform for train turn-back. In a multiple rail line terminal, the number of
conflicting train routes and the complexity of interlocking near the terminal would impact
the flexibility and ability of the terminal to process trains. For example, if two trains want
to enter a four-platform terminal at the same time, delay will be induced if the track and
interlocking configuration allows only one train to enter the terminal at a time, whereas
this situation can be prevented if the track and interlocking configuration allow two trains
to berth simultaneously.
Terminalfacilities
Location of crew facilities (such as restrooms) at a terminal should be considered when
setting the amount of crew layover time at a terminal; layover time should be sufficient
for crew to make use of the restrooms readily during their layover.
Control system - Type of route management system
Route management system here describes how operations personnel set up routes for
different train movements into and out of the terminal. Depending on the complexity of
the terminal and the type of technology, routes can be managed automatically (by
computer predetermined sequence) or manually (by field control personnel who set up
routes in real time). While an automatic route management systems require less labor, it
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may be less robust in responding to incidents such as delays that require real time control
of train movements; moreover, automatic route management systems are difficult to
design for complex multiple line terminals.
Control system -performance
For both automatic and manual control systems, performance of a terminal is directly
constrained by the performance of the equipment and personnel involved. The processing
time of the interlocking logic, the response time of the switches and signals, will
determine how fast a route can be set up. Reliability of the system is another factor that
would impact terminal performance.
Yard
If yard is located at the terminal station, train pullouts and layups might affect capacity
and performance of a terminal.
b) Operational characteristics:
- Train movement at terminal
o Variability of train arrival time
o Variability of train turn back times
o Variability of platform times for train pullouts and lay-ups (if yard located
at terminal)
- Passenger movements at terminal
- Frequency of incidents
Variability of train arrival time
The train arrival time variability is one of the most critical factors in determining terminal
capacity and performance. Because of variability in train and passenger behavior on the
rail line, trains in general do not arrive at the terminal according to the schedule, in some
cases trains arrive in uneven or bunched patterns. Rail systems with automatic train
operation (e.g. WMATA, BART) usually have smaller variability than older systems with
significant manual involvement (e.g. MBTA, NYCT, CTA).
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Variability of train turn back times
There is also variability in other train movement processes. For example, train dwell time
at the platform is affected by the number of passenger boarding and alighting the train;
time for crews to change ends and reset the train control is a function of crew practice,
training and supervision; for relay or loop terminals, the time to turn trains back behind
the terminal is also a function of operators' practice.
Variability ofplatform times for train pullouts and lay-ups
For a terminal with an associated yard, as discussed in section 3.3.1, time required for
train pullout or layup could affect terminal capacity and performance. For example, the
platform dwell time for layup trains at the CTA Red Line terminals have regularly been
impacted by the presence of homeless people sleeping on the train, which requires extra
time for platform crew/operator to "clear" the train before laying up to the train yard.
Passenger movement at terminal
The number of people boarding or alighting from a train at a terminal would affect train
dwell time so, longer dwell time might be needed for train dwell time during peak hours
to allow sufficient time for passengers to board and alight.
Frequency of incidents
Train and passenger incidents can affect terminal performance. For example, a bad order
(BO) train that sits at a terminal platform would reduce terminal capacity, and having
homeless people or sleeping passengers in a train would increase train dwell time at
terminal.
3.4.3 Operating plan
- Type of operations
- Schedule train headways (related to service requirement of the whole line)
- Schedule train running time between terminals
- Schedule train recovery time at terminal
- Train length
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Type of operations
For terminals that have infrastructure to support more than one type of operations (e.g.
stub-end or relay), the choice of operations type will affect the capacity and performance
of a terminal. For example, the crew cost for running a terminal as a relay terminal will
be higher than that of a stub-end terminal.
Scheduled train headways
Train frequency, which is determined by the service requirement of the entire rail line, is
a key component in terminal operations. It directly relates to schedule throughput at a
terminal, and could affect the amounts of terminal congestion, departure delay, and
operating costs.
Scheduled train running time between terminals
Schedule train running time between terminals could affect train arrival time at a
terminal. Underestimation of terminal-to-terminal running time would produce a larger
variability of train arrival time as a result of variation in operators driving performance.
Overestimation of running time could cause terminal congestion if trains arrive earlier
than their schedule arrival time and have longer than planned terminal dwell times.
Scheduled train recovery time at terminal
Train recovery time is the time a train is scheduled to stay at terminal before its
departure. Sufficient amount of train recovery time should be set in the schedule as a
buffer to absorb delays in incoming train arrivals and in other terminal processes, and for
crews to take a break. However, too much train recovery time reduces productivity,
constrains terminal capacity and can result in terminal congestion.
Train length
Longer trains require longer time in train checking, and reduces flexibility of train
movement at multiple line terminals.
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3.4.4 Service management at terminal:
- Performance of humans
- Train routing and dispatching practice (time required, priority used)
- Service restoration techniques
Performance of humans
Given the fixed control system set up at the terminal, the "human" part of service control
will impact terminal performance. For example, the performance of a terminal would
depend on the number of parties involved and their corresponding performance running
the terminal. In older rail system, operations are usually a joint effort between different
parties such as supervisor, central control, yardmaster, and towerman. Often each of these
parties has different information regarding train locations and delay, and close
communication between them would be necessary for them to run the terminal
effectively.
Train routing and dispatching practices
In terminals that have conflicting train movements from different train approaches (e.g.
inbound and outbound train using the interlocking in front of a stub-end terminal), rules
are set which specify which train has priority. This kind of routing and dispatching
practice would affect congestion and departure delay at a terminal.
Service restoration techniques at terminals
In case of delays or disruptions, service management personnel (terminal supervisor or
center controllers) apply different service restoration techniques to minimize the impact
on service quality. For example, a supervisor might consider spreading trains (delay
trains by a constant amount) or pull out an extra train if they anticipate a large gap in the
arriving train sequence. These techniques will directly impact terminal performance.
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3.5 Framework for analyzing terminal capacity and performance
The following framework is proposed to analyze capacity and performance of a new or
existing terminal:
......................................................................... E s i a e he e i al ap i yt m t  t eoretical capacity
Infrastructure I
improvement
Understand service requirement
............................................. .-. --.. . -... . ..
Operational
characteristics
modification
.................................................................--------. A nalyze operating plan
Operating plan
modification
Train movement
simulation model
Schedule Terminal congestion & schedule Operating
throughput adherence (achievable throughput) cost
I-- --- -- ------- ------- -------
Yes Can performance be cost-
effectively improved?
Figure 3-8 Framework for analyzing terminal performance
First, theoretical capacity of a terminal can be estimated by considering existing terminal
infrastructure and the current type of operation (e.g. stub-end / relay). This indicates an
upper bound on maximum number of incoming trains the terminal can process in a given
time period.
After understanding the infrastructure characteristics of the terminal in terms of its
theoretical capacity, we should then understand the constraints from service requirement
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Understand operational
characteristics
10
(on the entire rail line) and operational characteristics. We can then analyze the current
operating plan of the terminal to understand its characteristics.
Having understood the characteristics of the train schedule, performance of a terminal
can be assessed: schedule throughput can be obtained directly from the schedule,
incoming train congestion and schedule adherence for outgoing trains can be estimated
using train movement simulation model (see Chapter 4), and operating cost can be
assessed if different types of operations (e.g. relay vs. stub) are to be considered.
If performance of the current terminal is to be improved, we can assess the cost-
effectiveness of alternative strategies such as improving infrastructure, modifying the
operating plan, or changing operational and service management characteristics of the
terminal.
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Chapter 4
Spreadsheet Train Movement Simulation Model
This chapter describes the spreadsheet train movement simulation model. First, the need
for a simulation model is explained, then goals of the model are laid out. After that the
structure of the model is presented, followed by a description of how different
performance measures are generated by the model. Finally, the procedures for applying
the simulation model in a terminal analysis are described.
4.1 The need for a simulation model
The need for a simulation model arises from the limitations of available queuing models
and analytical models for terminal capacity and performance analysis.
As mentioned in Chapter 2, steady state queuing models cannot be used to analyze peak
performance of transit terminals because steady state conditions are not relevant for peak
operations. In typical transit terminals, where operations at the minimum headway last for
only a short period of time (typically less than an hour), operations in general are in a
transient state instead of steady state. Furthermore, some transit systems (such as the
CTA rail system) adopt train schedules in which train headways change gradually when
transitioning into and out of the peak, reducing the time of constant headway operations
during the peak.
Analytical models such as the 2-track stub-end model presented in Chapter 2 are useful in
estimating the theoretical capacity only, as they are deterministic models, which cannot
be used to analyze real systems that have significant stochastic elements.
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Therefore, in order to study the effect of schedule throughput, train recovery time, and
peak length on different aspects of terminal performance, recognizing the various
stochastic train processes present in a terminal, a simulation model is needed.
4.2 Goals of the model
As a pilot study of terminal operations, a simulation model is developed for the analysis
of a 2-track stub-end terminal. The goal of the simulation model is to illustrate and
predict different aspects of terminal performance under alternative operating settings such
as:
- Different levels of scheduled throughput
- Different train recovery time
- Different length of peak opeartions
The simulation results should provide valuable input to the transit agency to answer
operations and planning questions such as:
- What is the practical capacity of a terminal (or what is the minimum headway at
which a terminal can be run)?
- What is the appropriate amount of train recovery time at a terminal?
- How long can a specific headway be operated before train delays start to build
up?
4.3 Structure of the model
As discussed in Chapter 3, all trains go through a series of processes when passing
through a terminal. Because of the sequential nature of the train processes, delay in the
any process would affect the reliability the following processes, and therefore affect
overall terminal performance. To capture this effect, this simulation model links all these
train processes together in a way that reflects actual train movement in a terminal.
Fig. 4-1 shows the conceptual structure of the simulation model.
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Fig 4-1 - Conceptual structure of the simulation model
Specification Outputs
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Refer to Figure 4-1, there are three components in the model: inputs, specifications, and
output. Based on the schedule inputs and process time specifications, the model will
simulate the movements of all trains entering and departing the terminal based on the
scheduled sequence in a specified time period.
The definitions of each variable in the inputs, specifications, and outputs are explained
below:
Inputs
- Arrival time is the time a train is scheduled to arrive at the terminal. It is defined
in the model as the time a train comes to a complete stop at the inbound platform.
- Departure time is the time a train is scheduled to depart from the terminal for its
next revenue service
- Train recovery time is defined as:
o Time between train arrival and departure in the schedule
- Layup is the arrangement that a train is scheduled to layup to the yard upon
arrival at the terminal. The arrival time of the layup train is specified in the train
schedule.
- Pullout is the arrangement that a train is scheduled to pullout from the yard and
start revenue service from the terminal. The departure time of the pullout train is
specified in the train schedule
Specifications
- Train running times entering/departing the terminal is the train running time
in each track segment defined in the model
- Signal system, interlocking response times are the times used in moving
switches and setting up train routes at terminal interlocking
- Platform activity time is the sum of all activities occurring at the platform before
a train can depart for its next trip. It includes passenger boarding and alighting
time, time for crew to change end and set up train
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- Train turnback time is the time a train needs to move from inbound platform to
outbound platform, applicable to relay and loop terminal only
- Platform occupancy time for layups, pullouts
o For layups: time between train arrival to the time the train clears the
platform
o For pullouts: time a platform is occupied by the pullout train ahead of its
scheduled departure (not included in the current version of the model)
Outputs
- Terminal congestion is the performance indicator that describes the amount of
incoming train delays in the terminal area. Its unit is minutes per train, per hour or
per peak period
- Schedule adherence is the performance indicator that describes the quality of
departure from the terminal. It is measured by the amount of departure delay, and
the standard deviation of inter-departure times
- Actual throughput is the actual number of train turns back at a terminal in a
period of time. It is obtained by counting the number of train departures from the
terminal in a given time.
Deterministic vs. stochastic variables
Inputs and specifications can be deterministic or stochastic in the model. For a 2-track
stub-end terminal with an associated yard, for example, the following processes could be
specified as a stochastic:
- Train arrival time at terminal
- Platform activity time at terminal (turn back, layup, pullout)
- Train movement time entering/departing the terminal
Whereas processes such as signal and switch response times could be specified as
deterministic.
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4.4 Performance generation
To illustrate how the model generates the different aspects of terminal performance, a
typical train flow in the 2-track stub-end model is listed as a series of steps below:
Typical train flow in a stub-end terminal
1) Train arrives in the terminal area (defined as 1-2 stations before the terminal
station) according to the pre-specified arrival pattern
2) Train proceeds towards the terminal according to the pre-specified running times
in each track segments, and the state of the track segment ahead
3) Train arrives at the crossover in front of terminal
4) Train proceeds to terminal when there is an empty pocket available at the
terminal, and the route is set up by the signal system
5) Train dwells at inbound platform for a specified time
6) Train lays up to the yard or waits for its next departure
7) Crew changes end or next crew boards the train (for continuing in-service trains
only)
8) Train dwells at outbound platform for a pre-specified time
9) Train departs according to schedule, or immediately after outbound platform
dwell ends if later than schedule
10) Train clears the crossover in front of the platform
Based on this train flow sequence, the spreadsheet model is structured to link all these
steps together. The layout of the spreadsheet model is shown in Figure 4-2.
First, note that inputs, specifications, and outputs are all contained in a single
spreadsheet. In the bottom part of Figure 4-2, each row represents the simulated
movement times of one train entering and leaving the terminal based on schedule inputs
and model specifications.
Based on simple logic (e.g. train proceeds to next track when track is available, starts
berthing when platform is ready and route is set up, etc.), each train would proceed
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Specification:
Terminal area,
train segments
near terminal
0:02:00
towards the right on the spreadsheet, with their arrival time at each location recorded in
each column (representing different locations in the terminal).
From these train times, different aspects of terminal performance can be computed for
each train. For example, terminal congestion incurred by a train is found by subtracting
the actual running time between the terminal arrival location and the terminal platform
from the scheduled running time; departure delay is computed by subtracting the actual
departure time from the schedule departure time.
With the availability of performance measures for each train, the overall performance of a
terminal (as a function of time, or aggregate) corresponding to the specified set of
schedule inputs and specifications can be obtained.
4.5 Model application
To apply the model to analyze performance of a terminal, the following steps can be
followed:
1) Input train schedule into the simulation model
2) Specify the model with stochastic and/or deterministic train processes
a. Data from actual operations could be used for specification
3) Run the simulation
a. One time if all processes are deterministic]
b. Multiple time if there are stochastic processes specified
4) Summarize terminal performance
If we want to test the sensitivity of terminal performance to certain variables/processes
(e.g. different schedule headway, train recovery time), we can modify the corresponding
specifications on the spreadsheet, then re-run the model to estimate terminal performance
under the new specifications.
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Chapter 5
Case study of CTA Red Line 9 5th Street terminal
This chapter applies the framework and models developed in Chapters 3 and 4 in a case
study of the CTA Red Line 9 5 th Street terminal (hereafter referred to as the 9 5thterminal).
The 9 5 th terminal is located at the south end of the CTA's Red Line (see Figure 5-1 for a
line schematic). In response to ridership increases observed in the past several years,
CTA has been increasing train service on the Red Line to match. Along with the increase
of train service, however, train congestion is now observed at the line terminals ( see
Section 5.2.3 for a detailed assessment of existing train congestion).
Given the existence of train congestion at the 9 5th terminal, and the continued demand for
increasing service on the line, CTA planning and operations is faced with the following
questions:
- Has the capacity of 9 5th terminal been reached in current operations?
- What is the minimum train headway that 9 5 th can process without causing
unacceptable terminal congestion? In other words, what is the practical capacity
of the terminal?
- As the capacity of the terminal is approached, what strategies can be applied to
improve performance and perhaps increase capacity?
To answer these questions, the 9 5th terminal and its operating plan are first assessed in
Section 5.1, then current operations at 9 5th terminal are discussed in Section 5.2. Finally
simulation analysis will be presented in Section 5.3 to find the practical capacity and
sensitivity of terminal performance to critical variables.
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Fig. 5-1 - Line schematic of CTA rail system
5.1 95 terminal and current operating plan
This section first describes the general characteristics of the 9 5th terminal based on the
operations analysis framework presented in Chapter 3. Then the implications of the Red
Line service requirements on 9 5th terminal operations are discussed. Finally, the train
schedule is assessed to check for potential problems it may create in operations.
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5.1.1 General characteristics of the 95 th terminal
The 9 5th terminal infrastructure is first described, followed by the operating plan and
service management characteristics.
Line characteristics - infrastructure
Figure 5-2 shows the infrastructure layout for the 9 5th terminal, which includes an island
platform and a pair of crossovers in front of and behind the platform. Both crossovers are
controlled by a signal system and interlocking logic, currently the 9 4 h interlocking is
operated manually by a towerman at the site in both the AM and PM peak periods, with
automatic train control used at other times of the day. The interlocking behind the
terminal is operated by the train operator through way-side control.
Departure
Ta . T............T
94th Interlocking
Figure 5-2 - Platform, track, and interlocking layout of 9 5 th terminal
A train yard (the 9 8th yard) is located behind the platform, where maintenance is done
and trains are stored. The 9 8 th yard is one of the two train yards on the Red Line (the
other train yard is located at the Howard Street terminal), which has a capacity to store
234 cars. As suggested by the pair of crossovers in front of and behind the 9 5 th platform,
the terminal could be operated as either a stub-end or a relay terminal.
Operating plan characteristics
9 5th terminal is currently operated as a stub-end terminal, with the typical train turn back
movements as illustrated in Figure 5-3. If both platforms are empty when a train arrives
at the 9 4 th interlocking, the train would be routed to the preferred (Loop bound) platform
so that its later departure will not interfere with the next arrival on the other platform.
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Figure 5-3 - Stub-end operations at 95 terminal
The CTA Red Line operates 24 hours, with service between 5am and 9pm consisting of
8-car trains, and during the remaining time consists of 4-car trains. According to the
Winter 2001 train schedule (effective December 2001 until March 2002), the scheduled
train headways arriving at the 9 5th terminal by time of day are as shown in Figure 5-4.
Fig. 5-4 - Scheduled train headway entering 95th
terminal - Winter 2001
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The train headway in the AM peak ranges between 3 minutes and 5 minutes, and in the
PM peak from 4 to 5 minutes..The 3-min arriving headway operations run from 8:30 to
9:20 in the AM peak, which presumably are the trains that serve Howard Street - Loop
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peak volume (more discussion on the Red Line demand pattern in Section 5.2.3).
Headways change gradually when transitioning between peak and non-peak periods.
The scheduled train recovery time at a terminal determines how long a train typically
dwells at the terminal platform before its next departure (see section 3.4.3 for a
discussion of setting recovery times). Based on the Winter 2001 train schedule, the train
recovery time at 9 5 th terminal by time of day is shown in Figure 5-5.
Fig. 5-5 - Scheduled train recovery time at 95th
terminal - Winter 2001
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Comparing Figures 5-5 and 5-4, the scheduled train recovery times vary directly with the
scheduled train arrival headway, i.e. train recovery time is small when train headway is
small. In the AM peak, the scheduled train recovery time ranges from 5 minutes to 12.5
minutes, with an average of 8.2 minutes. In the PM peak, the schedule train recovery time
ranges from 5.5 minutes to 10 minutes, with an average of 8.3 minutes.
Examining the train schedule in more detail, scheduled layups at the end of both the AM
and PM peak periods have allowed more recovery time to be scheduled for turnback
trains immediately ahead of the scheduled layup. In the Winter 2001 schedule, the
average recovery time for trains ahead of layup trains is 9.1 minutes in the AM peak, and
9.3 minutes in the PM peak.
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In the Winter 2001 schedule, there are 10 scheduled layups in the AM peak (7-1Oam),
and 2 in the PM peak (4-7pm). There are 7 pullouts scheduled in the beginning of PM
peak.
Finally, to ensure adequate crew layover times and shorter train turnaround time at the
terminal, crew fall back is currently employed by CTA in 9 5 th operations, where crews
drop back one or two trains at the terminal.
Service management characteristics
Service management is mainly done manually at 9 5th terminal. As mentioned in the
infrastructure section above, train routing at 9 4th interlocking is done manually during
peak hours by a towerman. A yardmaster is stationed at the back of the 95t" platform to
control all train movements in and out of the yard behind the 9 5 h platform. A terminal
supervisor is the person responsible for maintaining service according to schedule, and
for applying various service restoration techniques in the case of disruptions. Central
control plays a limited role in terminal operations, principally by providing train
movement information from a line perspective to aid the terminal supervisor in managing
the terminal.
5.1.2 Understand line service requirement
This section discusses the weekday demand pattern on the CTA Red Line and its
implication on 9 5th operations.
The CTA Red Line runs north-south through the loop from 95 terminal in the south, to
the Howard terminal in the north (refer to Figure 5-1 for the Red line schematic). The
weekday demand pattern is mainly driven by the peak hour commuter traffic. Refer to
Figure 5-6 and 5-7 for the average passenger volume entering the North Main Branch
(Howard to Grand) and the Dan Ryan branch (9 5 th - Cermak-Chinatown) throughout the
day.
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As seen in the figures, number of passenger entering both branches is higher in the AM
peak than the PM peak. This confirms the heavy demand on loop-bound service in the
morning, if we assume commuters traveling to the Loop in the morning return to their
stations in the evening, there would be heavy demand for train service from the Loop
back to the terminals in the PM peak.
If we compare the two figures, it is observed that the service demand from the North
Main branch is much higher that for the Dan Ryan branch, which explains why
southbound train frequency is higher than northbound in the AM peak, and why
northbound train frequency is higher than southbound in the PM peak.
Figure 5-6 - Passenger entries by half-hour
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Figure 5-7 - Passenger entries by half-hour
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Based on this demand pattern, the operational priorities at 9 5th terminal are as follows:
In the beginning of the AM peak (-7am),
departure at 95th, so that scheduled service
toward the Loop.
the priority should be to ensure on-time
can be maintained for the heavy demand
In the PM peak (4-7pm), the priority should be to ensure minimum train congestion
incoming to the 95t terminal. This is because train congestion incoming to the terminal
would directly affect service quality of the on-board passengers. Worst still, there are lots
of passengers inside the vehicle in the PM peak, and many of them will be anxious about
making their bus connections at the 9 5th terminal.
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In additional to ensuring minimum terminal congestion, the other operational priority in
the PM peak is to ensure on-time departure in the beginning of peak (~4pm). This helps
ensure scheduled service is available from the Loop for the heavy northbound traffic.
However, this priority is less important than ensuring minimum inbound congestion
because terminal congestion directly affects quality of train service to on-board
passengers, while service impacts resulting from departure delay at 9 5th can be lessened
by other service management techniques (such as expressing and holding) between 95th
and the Loop.
5.1.3 Assessing the train schedule
The train schedule is supposed to guide the operations and a poorly designed schedule
could complicate the task of operations management of the terminal. This section
presents the two potential weak points identified in the train schedule that could affect
95th terminal performance, which are identified as: inadequate buffer time for train
conflicts at the 9 4 th interlocking, and inadequate platform time for 9 5th pullouts.
1) Inadequate buffer time for train conflicts at 94 th interlocking
There are two situations in the train schedule that suggest inadequate buffer time for train
conflicts at the 9 4th interlocking.
In the first situation, a train is scheduled to arrive at the terminal at the same time another
train is scheduled to depart from the terminal. For example, in Table 5-1, train 3 is
scheduled to arrive when both tracks are occupied and the first train is scheduled to
depart, if train 3 arrives at the 94th interlocking on time and train 1 departs on time, train
3 would incur a 1.2 minutes delay outside the terminal, and a further 1 minute movement
time into the station (the estimation of the terminal process times will be discussed later
in section 5.3). Thus train 3 would be about 2.2 minutes late arriving at the terminal
platform from where it lays up.
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Table 5-1 - Winter 2001 schedule situation 1
Train ID Scheduled arrival Scheduled departure
(95th) (95th)
1 8:17:00 8:25:00
2 8:21:30 8:30:00
3 8:25:00 Layup
In the second situation, a train is scheduled to arrive at the terminal earlier than the
departure time of the previous train from the same platform. In Table 5-2, if train 3
arrives according to schedule, it would have to wait until train 1 departs, plus the 1.2
minutes for train 1 to clear the crossover and the route to be reset, and the 1 minute
movement time for train 1 to move into the station. In this case, train 3 will be 3.2
minutes late when it finally arrives at the 9 5th platform.
Table 5-2 - Winter 2001 schedule situation 2
Train ID Schedule train arrival Schedule train departure
(95th) (95th)
1 8:48:00 8:55:00
2 8:51:00 9:00:00
3 8:54:00 Layup
In the winter 2001 schedule, during the AM peak period (7-10am), five trains are
scheduled to arrive as in situation 1, and two trains are scheduled to arrive as in situation
2. In the PM peak period (4-7pm), four trains are scheduled to arrive as in situation 1, and
one train is scheduled to arrive as in situation 2.
2) Inadequate platform time for 9 5 th pullouts
The second potential weak point identified in the train schedule is that there is no
platform time scheduled for pullout trains. This is illustrated in Table 5-3 below:
Table 5-3 - Winter 2001 schedule situation 3
Train ID Schedule train arrival Schedule train departure
(95th) (95th)
1 16:32:00 16:40:00
2 16:43:00 (pullout)
3 16:37:00 16:46:00
4 16:42:00 16:49:00
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If trains arrive at the terminal according to the schedule, and supervisor pulls out trains to
9 5 th platform 2-minutes ahead of their scheduled departure times, train 4 will be delayed,
as there is no platform available for it to berth at the time it is scheduled to arrive.
After looking at the actual train movement data at the terminal (to be discussed in Section
5.2.5), however, it was found that supervisors were able to take advantage of the
operational variability in train arrivals to insert pullout trains without affecting turn back
operations.
In conclusion, although there are two potential weak points identified in the train
schedule, given the amount of variability present in the train arrival process terminal and
the ability of operations personnel to operate the terminal with flexibility; it is believed
that the impact of these schedule weaknesses on terminal performance is insignificant.
5.2 Current operations
This section describes current operations at the 9 5th terminal. First the availability of train
movement data from 9 5th terminal is described, then the three main processes at the 9 5th
terminal which are stochastic are presented, namely the train arrival process, train
running time from 8 7th station to 9 5th, and the platform activity process at 9 5 th. After that,
service management at the 9 5th terminal is discussed. Finally, theoretical capacity of 9 5th
terminal is estimated based on the estimated process times.
5.2.1 Data availability
Train track occupancy and unoccupancy data obtained from the 9 5 th terminal area was
used to understand the three processes at the 9 5 thterminal.
In estimating the train arrival process, one month (Feb 1 1 th- Mar I1 th, 2002) of track
unoccupancy data from 8 7 th station's southbound platform was extracted and used as the
arrival time indicator in the 9 5 th terminal area. Departure time at 87th station is adopted as
the indicator of train arrival at the terminal area so as to separate the effect of terminal
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area train congestion from the arrival pattern, as terminal congestion at 95th terminal
could affect train arrival time at 9 5th, which is undesirable if we want to look at the
congestion-free arrival process at 9 5 th. Because of the various disruptions (e.g. missed
trips, large gaps due to major disruptions), judgment was used to match actual arrivals
with the scheduled times.
In estimating the 8 7 th to 95th running time and the platform activity process, 2.5 weeks
(Feb 2 2nd - Mar 1 1 th, 2002) of train track data in the 9 5th terminal area (including data
from 8 7 th 94 th interlocking and 95th platform) was extracted and processed such that the
movement of each train entering and leaving the terminal was tracked. To do so, simple
train tracking logic was applied in an Excel spreadsheet model to link the extracted track
occupancy data for each train.
For train running time from 8 7th station to 9 5th terminal (train come to a complete stop),
running time was obtained by the following expression:
8 7th to 95h running time 9 5 th platform occupancy time - 87th unoccupancy time +
30secs (estimated train movement time from hitting 9 5th platform circuit to a complete
stop)
Platform activity process time will be estimated from 9 5 th platform occupancy and
unoccupancy time (see Section 5.2.4 for details).
5.2.2 Train arrival process
This section presents the train arrival process in the vicinity of the 9 5 th terminal in the
weekday peak operations between February IIt and March 1 1 th. Based on the train track
unoccupancy data extracted from 8 7th station (described in 5.3.1 above), the arrival
process at 95h terminal will be described in two ways, namely schedule deviation and
inter-arrival time.
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Schedule deviation
The schedule deviation of train arrival is the difference between schedule and actual
arrival time. The processed arrival time deviation data are shown in Appendix A, and the
summary of the data is illustrated in Figure 5-8.
Fig. 5-8 - 95th arrival
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There are 4 groups of lines shown in Figure 5-8: the straight line at 0 represents the
schedule (no schedule deviation), and the remaining lines represent the mean, the 10th
percentile, and 9 0 th percentile of actual arrival time deviation from schedule. Positive
values in the figure represent late arrivals, and negative values represent early arrivals.
Looking at the mean schedule deviation line, except in the last hour of the AM peak and
middle hour of the PM peak, mean schedule deviation varies around 0. Towards the end
of the AM peak (8:45am - 10am), the mean schedule deviation ranged from 2 to 6
minutes late. This suggests that the schedule operations could not be maintained towards
the end of the morning peak. In the middle of the PM peak (5-6pm), the mean schedule
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deviation varies around 1-2 minutes late, again suggesting that operations were behind
schedule.
As suggested by the 90-percentile and 10-percentile line, there was large variability in
actual train arrivals in both the AM and PM peak. Examining the schedule deviation data
in the I month period (see Appendix A), it was found that there were many large
disruptions on the line that caused substantial variation in train arrivals. If we define large
disruptions as incidents that caused four or more successive trains to arrive at least 5-min
late at the terminal, in this i-month period, 13 out of 21 days (~60%) had at least one
large disruption occurring in either the AM or PM peak.
Representing the actual arrival schedule deviation
To illustrate the variability of the schedule deviation in the Winter 2001 season, schedule
deviation data in Appendix A were grouped according to their scheduled headway, then
each group of data were input into a statistical program1 , which finds a distribution that
best represents the data.
It was found that a normal distribution could be used to represent the variability in arrival
schedule deviation. The statistical summary and histogram of the fitted distributions are
shown in Appendix Al. Note that before the schedule deviation data in Appendix A was
input into the statistical program, schedule deviation data that were likely to result from
large disruptions were screened out by judgment to avoid overestimating the schedule
deviation of the sample. For example, when five consecutive trains were found with large
positive schedule deviations, to avoid over estimating the overall sample, data for trains 2
to 5 were excluded from the sample.
Inter-arrival times at 9 5thterminal
Another way to look at train arrival time variability is to look at the train inter-arrival
times at 9 5th terminal. Inter-arrival times at 9 5 th terminal (departure time at 87th station)
were computed by taking the differences in arrival times for consecutive trains. The
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processed inter-arrival time data are shown in Appendix B, and are summarized in Figure
5-9.
Fig. 5-9 - inter-arrival time at 95th (2/11/02 - 3/11/02)
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As with Figure 5-8, Figure 5-9 has four lines: one represents the scheduled inter-arrival
times, while the other three represent the mean, 10-percentile, and 90-percentile of the
actual inter-arrival times. In general, the mean inter-arrival times vary around the
schedule inter-arrival times, except at the end of the AM peak (8:30am and 9:30am),
where actual mean inter-arrival times was 3.8 minutes, which is considerably higher than
the scheduled value of 3 minutes. This suggests that the Red Line was not able to sustain
3-min headway operations in the period observed (Feb-Mar 2002).
Conclusion on train arrival variability
In conclusion, there is great variability observed in the 9 5 th train arrival process from
February 1 Ith to March 1 1 th, 2002. This variability impacts operations at 9 5th terminal as
well as the rail line as a whole.
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For 9 5th terminal operations, the regular occurrence of major incident observed on the
line (13 out of 21 days contain at least one major disruption in either AM or PM peak)
suggests that service management at 9 5 th is likely to be required regularly by operations
personnel. Secondly, the presence of the larger train arrival time variability confirms the
need for a stochastic model for terminal capacity and performance assessment.
From a line perspective, actual inter-arrival data at 9 5 th suggests that the Red Line was
not able to sustain 3-min headway operations in the AM peak (actual inter-arrival time in
the scheduled 3-min period was 3.8 minutes). From a schedule perspective, the frequent
occurrence of incidents caused operations to fall behind schedule in the end of AM peak
(4.4min behind from 9-10am), and in the middle of PM peak (1.4min behind from 5-
6pm).
5.2.3 Train running time from 87th to 9 5 th
This section describes the train running time from 8 7 th station to 9 5 th terminal. The
variation of weekday train running time from 8 7th station to 9 5th terminal across time of
day is first illustrated. Then variation of weekend train running time between 8 7th station
and 9 4 th interlocking is described. Finally, the estimation of train movement times
between 9 4 th interlocking and 9 5 th terminal is presented.
Variation of weekday train running time from 8 7th to 9 5th
Based on the twelve days of actual train movement time data from Feb 2002 (described
in Section 5.3.1), the train running time from 8 7th station to 9 5th terminal is summarized
in Figure 5-10.
Four lines are shown in Figure 5-10, the constant line at 2-min represents the scheduled
train running time from 87th station to 95th terminal. The other 3 lines are the mean, 90-
percentile, and the 10-percentile of actual train running time. As seen in the figure, the
mean of actual train running time from 8 7th station to 9 5 th terminal is larger than the
scheduled two minutes throughout the day, suggesting that trains on average have to wait
up to two minutes in front of the terminal before they arrive at 95th. If we look at the 90-
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percentile line, it has a much higher value than the average running time, which suggests
that the delay incurred by the slowest 10 percent of trains is typically greater than five
minutes. The 10-percentile line is located close to the schedule running time suggesting
that the minimum running time between 8 7th and 9 5 th is indeed close to 2 minutes.
If we look at the time of day variation of the train running time, it is found that in both
AM and PM peak, mean and 90-percentile of train running time are smaller than for most
other times of day. This somewhat surprising observation has two explanations: First, the
smaller congestion observed in both peaks could be a result of better operations at 9 5th
when a towerman is present to operate the 9 4th interlocking manually. Second, the
smaller congestion could be a result of CTA operations policy, which specifies all
construction and maintenance work be done outside peak periods. For example, when a
section of track in 9 5th terminal area needs maintenance that requires single-track
operations, CTA would schedule them to be done during non-peak period, which would
cause an increase of running time for trains arriving at the terminal.
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Fig. 5-10 - 87th to 95th train running time
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Variation of weekend train running time from 8 7th to 9 4th
After illustrating the variation of train running time with the effect of terminal
congestion, this section illustrates the "background" variation of train running time
between 8 7th station and 9 4 th interlocking.
For many reasons including train problems, track problems, and variation in human
ability and performance (operators, towerman), different trains could have different
running times from 87th station to 95th terminal even in the absence of congestion. To
illustrate this variation, weekend running time between 87t station and 9 4th interlocking
was extracted to illustrate the running time variation without terminal congestion (this is
based on the assumption that there is no terminal congestion during weekend operations,
an assumption which was manually validated with the actual data). The results are plotted
as a histogram in Figure 5-11.
As illustrated in Fig. 5-11, out of the 915 data points, about 740 trains (80%) have
running time between 60-80 seconds, the minimum running time is about 50 seconds, and
the maximum observed running time data is 190 seconds.
Fig. 5-11 - Weekend running time - 87th departure to 94th
interlocking (Feb 22nd - Mar 11th)
40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190
Seconds
When the weekend running time data was input into the statistical program, it was found
that a lognormal distribution could be used to represent the variation in running time
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between 87 I and 94h. The fitted curve is shown in Figure 5-12 below, with the statistical
summary shown in Appendix C.
Running time (seconds) 43 + lognormal (22.4, 15.8)
Fig. 5-12 - Fitted curve of weekend train running time from 87th station to 9 4th
interlocking
Estimating train movement time between 94t interlocking and 9 5th terminal
Based on the available data discussed in Section 5.3.1, current data does not allow direct
calculation of train running time from before the 9 4 th interlocking until arriving at the 9 5th
platform. To estimate this time, we divide the distance between the signal in front of the
9 4 th interlocking and the end of the platform (~800ft according to CTA signal drawing)
by an average speed of 10mph (maximum allowable speed at 9 5th terminal is 15mph),
which generates an estimated train movement time of 1 minute.
For train running time between the start of departure from 9 5 th platform until the train
clear the 9 4 th interlocking, because the distance between 9 5 th platform and where
departing train clears the crossover is close to that of the arrival, the estimated time for
the departing movement is also 1 minute.
Using the same method, the estimated time for a train to berth at the 9 5th platform (from
hitting the platform track circuit to a complete stop) is estimated to be 30 seconds.
Note that the train movement times between 9 4 th and 9 5th are estimated to be a
deterministic value of one minute in the above estimation. However, as with the case with
87th to 94th train running time, the 94 - 95th movement time should be stochastic
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because of the variation in human and equipment performance. However, as the train
movement between 9 4t1h interlocking and 9 5th terminal is over a smaller distance, and
there is more supervision from towerman and terminal supervisor near the terminal, it is
expected that the variation of train movement times between 94 th interlocking and 9 5th
terminal is negligible. Therefore using a deterministic value should be adequate.
5.2.5 Platform activity process at 95th
The third type of variability present in 9 5th operations is the platform activity time
th tprocess at 95 . It is defined as the sum of all crew and train activity time at the 9 5th
platform before a train can depart on its next trip.
To illustrate this variability, we will first look at the variation of the platform occupancy
time at 9 5th. After that, variation of platform activity times was estimated by looking at
th
small platform occupancy times at 95 . This approximation is based on the assumption
that for small platform occupancy time, trains are likely to have little idle time before
their next departure, and therefore this is a good representation of platform activity times.
Finally, platform activity time is obtained by subtracting the train movement times in the
9 5th track circuit from the platform occupancy time.
Platform occupancy time at 9 5th terminal
Actual platform occupancy times at 95th terminal for turn back trains were obtained from
train movement data from Feb 2 2nd to Mar 11 t". They were summarized by 15-minute
intervals, and are compared with the schedule platform occupancy time (scheduled
recovery time + 1 -min train movement time in and out of the platform track) in Figure 5-
13.
As seen in Figure 5-13, actual platform occupancy times are distributed around the
scheduled value, with the mean occupancy time slightly (2-5min) less than its scheduled
value. This suggests that trains in general stayed at the platform for shorter times than
scheduled. This observation is consistent with the variations observed in the 9 5tharrival
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time data, as larger variation in arrival data imply more trains arrive late at the platform,
which results in less platform time than scheduled.
Fig. 5-13 - 95th platform occupancy time
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Several trains that stayed at the platform for several hours in one particular day caused
the sharp peak observed at around 11am.
Platform activity time at 9 5th
After considering platform occupancy time distributions in alternative intervals (i.e. 2-
3min, 2-4min, 2-5min), a triangular shaped distribution was observed for occupancy time
data that ranged between 2 and 2.9 minutes (see Figure 5-14).
/
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Figure 5-14 - Platform occupancy time distributions in small intervals
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Therefore, it is estimated that actual train activity time varied in this particular interval
(platform occupancy time between 2 and 2.9 minutes).
As described in the beginning of this section, train movement time in the 9 5 th platform
track circuit was estimated to be 30 seconds for each arriving train. If we assume a train
also needs 30 seconds to clear the platform track circuit on departure, the total train
movement time included in the 9 5th platform track circuit occupancy time would be one
minute.
By subtracting the one minute train movement time at 9 5th platform, actual platform
activity times at 9 5th terminal were estimated to vary between 1 and 1.9 minutes. When
we input the platform activity time data into the statistical program, a best fit was found
with an asymmetric triangular distribution with parameters (1,1.3,2) as shown in Figure
5-15 below.
1min 1.3mins 2min
Fig. 5-15 - Fitted platform activity distribution
5.2.5 Service management at 9 5th
To identify the type of service management techniques used by the terminal supervisor,
two days of actual train movement data (Feb 2 5th, 2 6 th) were studied.
From the two days of train movement data, it was found that the terminal supervisor
modified the sequence of train layups and pullouts in all four peak periods (Feb 2 5th am,
pm; Feb 26th am, pm). Some examples of what the supervisor did at 95th are:
- Swapped order of layup train with turn back train
- Inserted pullouts when there were available platforms
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- Pulled out extra train to fill large arrival gap
- Spreading - manual dispatch trains to ensure even departure headways
Section 5.4.1 will explain in more detail how these service management techniques were
used by the terminal supervisor in these two days, the implications of these service
management techniques on terminal performance will also be discussed.
5.2.6 Theoretical capacity of 9 5th
As discussed in Section 3.3.1, theoretical capacity of a terminal is defined as:
Maximum number of incoming trains a terminal can process per unit time based on
existing infrastructure and type of operations
In a 2-track stub-end terminal such as 9 5 th, theoretical capacity is attained when both
platforms are fully utilized at all times. Under this condition, minimum train headway can
be determined by calculating the minimum cycle time of repeat train movements at the
terminal, which is shown in Figure 5-16 and Table 5-4 below:
A
Outgoing
Incoming
C
B
Platform I
D
Fig. 5-16 - Layout of 9 5th terminal for theoretical capacity estimation
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Table 5-4 - Minimum cycle time of repeat train movements*
Arrival Arrival / Train # Movement Time when Departure time
time at C Departure movement from B/D
(min) complete (min) (min)
Departure B to A 1 0
1.2 Arrival 3 C to B 2.2 (1+0.2+1)
Departure 2 D to A 3.4 (2.2+0.2+1) 2.4
3.6 Arrival 4 C to D 4.6(3.4+0.2+1)
Departure 3 B to A 5.8**(4.6+0.2+1) 4.8
6.0 Arrival 5 C to B 7.0(5.8+0.2+1)
* Assumed initial condition: train I at B, train 2 at D.
** For simplification of overall cycle time estimation, assume train 3 has to wait until train 4 berths at the
platform, plus switch and signal before departing (this would slightly underestimate the theoretical
minimum headway of terminal)
From Table 5-4, the minimum cycle time for repeated train movement was found to be
4.8 minutes, with a minimum train headway of 2.4 minutes. Therefore, the theoretical
capacity of the terminal is 60/2.4 = 25 trains per hour.
Discussion on theoretical capacity
Note that the theoretical capacity cannot be used to determine the actual train schedule, as
it contains no substantial buffer time for trains to recover from any delay before their next
departure. More specifically, if 9 5th is run under its theoretical minimum headway (2.4
minutes), trains would have only 1.4 minutes (2.4min platform dwell time - Imin
platform activity time) as a buffer to absorb any delay before departure. Given the
amount of variability present in operations (discussed in Sections 5.3.2 through 5.3.4),
running the terminal under this configuration would imply substantial departure delays
from the 9 5th terminal. Also, if scheduled headway is set close to any of the process times
at 9 5 th (such as train running times, platform activity times), train congestion is expected
to build up for trains entering the terminal.
Consequently, simulation analysis was used to aid in finding the practical capacity of the
terminal. This analysis and the results will be presented in Section 5.3.
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5.3 Simulation analysis
So far, we have only estimated the theoretical capacity of the terminal, assessed the train
schedule, and looked at the variability of the three train processes at the terminal.
However, given the amount of variability and the infrastructure characteristics of the
terminal, it is still unknown what the practical capacity of the terminal is, and how
performance will be impacted if selected schedule and operational variables are changed.
To address the above questions, this section describes the simulation analysis of the 9 5th
terminal. First, the simulation model introduced in Chapter 4 is validated with CTA data.
Then the experimental design for the simulation analysis is presented. After that,
sensitivity of 9 5 th performance to headway, length of peak operations, and recovery time
are discussed. Followed by the estimation of the 9 5th terminal practical capacity. Finally,
the expected gain in terminal performance from improving arrival time variability is
presented.
5.3.1 Simulation model validation
This section describes the validation of the simulation model introduced in Chapter 4. To
do so, two days (Feb 2 5th, 2 6 h) of detailed train movement data at 9 5th terminal were first
processed to find the actual performance of the terminal on those particular days (see
Appendix D). Then the simulation model is used to simulate terminal performance, using
actual arrival times for the days, and constant process times estimated from the actual
data. Finally, the actual and simulated performance are compared, as shown in Appendix
DI.
As seen in Appendix Dl, there were some discrepancies observed between the simulated
and actual performance. After analyzing the actual data from Appendix D, the causes of
these discrepancies in each peak period are discussed in detail below:
1) Feb26th AM peak - Unscheduled layups reduce congestion
Extracted from Appendix DI, simulated and actual congestion for the Feb 2 6 th AM peak
are shown in Figure 5-17. This figure show that the model simulated the start of
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congestion (7:30, 8:30-9:15, 9:30) quite well, but overestimated the magnitude of
congestion between 8:30 and 9:15.
Fig. 5-17 - Simulated vs. actual congestion, Feb 2 6 th AM peak, original model
After looking more closely at what actually happened (see Appendix D), it was found
that an unscheduled layup occurred at 8am, which resulted in the subsequent trains
departing one headway ahead of their original departure time, as shown in Table 5-5
below:
Table 5-5 - Actual train movement data, Feb 2 6 th, AM peak
Schedule Actuat
arrival arrival
(87th (87tt PLAT_1_ PLATJ1 PLAT-2) PLAT_2_U Schedule
Train # dep) dep) CC UNOCC OCC NOCC departure Actual departure
1 7:56:30 7:57:46 8:00:52 8:05:20 8:05:00 unscheduled layup
2 8:01:00 8:02:31 8:03:47 8:06:02 8:10:00 8:05:46
3 8:05:30 8:06:27 8:07:59 8:11:28 8:15:00 8:11:11
4 8:10:30 8:10:47 8:12:19 8:15:33 8:20:00 8:15:15
In Table 5-5, train 1 was supposed to turn back for the 8:05 departure, but instead, it was
laid up to the yard. This forced train 2 to fill the 8:05 departure, and the subsequent trains
needed to depart one headway ahead of their original schedule. At the same time, this
decreased the effective recovery time of trains 2-4 by one headway (~5 minutes).
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The reduction of real recovery due to the missed train, however, indirectly helped reduce
the amount of congestion suggested by the schedule: because trains were departing earlier
than according to the schedule, platform time was freed up for arriving trains to berth.
In order to prove the above assumption, the schedule in the simulation was modified to
simulate the effect of the unscheduled layup, with the resulting congestion shown in
Figure 5-18. As shown in Figure 5-18, after incorporating the unscheduled layup at
8:05am, the model predicted actual congestion much more accurately for trains between
8:30 and 9am.
Running
time
(min)
Running time from 87th to 95th - actual vs. simulated with
unscheduled layup at 8am
Feb26th - AM peak
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Schedule 87th departure
10AM
Fig. 5-18- Simulated vs. actual congestion, Feb 2 6 th AM peak, modified model (1)
At 9am, actual data (see Appendix D) suggest that the supervisor again changed the layup
sequence, as shown in Table 5-6.
Table 5-6 - Actual train movement data, Feb 2 6 ,th AM peak (2)
Schedule A t
arrival arrival
(87th (a7trv PLATa1l PLAT2_ PLAT2-0, Schedule
Trp # dep) d) C U C CC departure Au d re
5 9:01:00 8:58:56 9:01:34 9:10:17 9:10:00 9:0956
6 9:04:00 9:01:43 9:05:38 9:09:02 9:15:00 unscheduled layup
1 7 1 9:07:001 9:05:11 9:09:52 9:16:401 LS 19:16:21
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According to the schedule, train 6 was supposed to remain at platform until the 9:15
departure, however, the supervisor decided to lay it up to yard, and allow the following
train 7 to take the 9:15am departure. This action reduced the amount of congestion
experienced by train 7. If we modified the simulation schedule accordingly, the model
again simulates the train congestion accurately (see Figure 5-19).
Running time from 87th to 95th - actual vs. simulated with
unscheduled layup at 8am
Feb26th - AM peak
14 - - - - - - -- - - -
12- simulated
10 actual (Feb26,2002)
E8
6-
4-
2-
0
7AM 8AM 9AM 10AM
Schedule 87th departure
Fig. 5-19 - Simulated vs. actual congestion, Feb 2 6th AM peak, modified model (2)
In Figure 5-19, the simulated congestion is very close to the actual congestion. This
suggests that the simulation model is capable of predicting congestion accurately if it has
correct information on real-time modification of train layups.
2) Feb 25th AM peak - Unscheduled pullouts induce congestion, reduce departure
delay
Extracted from Appendix D1, simulated and actual congestion and departure delay for
the Feb 2 5th AM peak are shown in Figures 5-20 and 5-21. As seen from the figures, the
simulation model predicts the general time and magnitude of congestion from 7 to 9am.
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However, the model underestimated the amount of congestion from 9 to 10am, and
overestimated the amount of departure delay during that period.
Fig. 5-20 - Simulated vs. actual congestion, Feb 2 5 th AM peak, original model
Fig. 5-21 - Simulated vs. actual departure delay, Feb 2 5 th AM peak, original model
After analyzing the actual data (see Appendix D), it was found that these discrepancies
were due to the combined effect of an unscheduled pullout at around 8:55am, and
subsequent changes in the layup sequence in the remaining AM peak.
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To investigate the ability of the model to capture this effect, this unscheduled pullout was
manually added into the model, which generated the congestion shown in Figure 5-22.
Fig. 5-22 - Simulated vs. actual congestion, Feb 25th AM peak, modified model (1)
As seen in Figure 5-22, the extra pullout at 8:55 caused the 8:53am arrival to wait outside
the terminal. If we further modified the departure schedule in the model in the way the
supervisor did on Feb26th, the model generated the congestion shown in Figure 5-23.
Fig. 5-23 - Simulated vs. actual congestion, Feb 2 5 th AM peak, modified model (2)
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In Figure 5-23, what happened at around 9am was that several trains departed 2-3
minutes late (see Fig. 5-24). These late departing trains caused congestion to the
incoming trains outside the terminal. If we modified the schedule accordingly, the
resulting simulated departure delay is shown in Figure 5-24, which shows a better
departure delay prediction than the original results (Figure5-21).
Fig. 5-24 - Simulated vs. actual departure delay, Feb 2 5 th AM peak, modified model
(2)
3) Feb 2 6 th PM peak -Unscheduled pullouts re-sequencing reduce congestion
Extracted from Appendix Dl, simulated and actual congestion for the Feb 2 6 th PM peak
are shown in Figure 5-25. As seen from the figure, the model overestimated the amount
of terminal congestion at the beginning of the PM peak (4-5pm).
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Fig. 5-25 - Simulated vs. actual departure delay, Feb 2 6th PM peak, original model
After analyzing the actual train data (see Appendix D), it was found that between 4 and
5pm, there were two unscheduled layups, and the supervisor heavily modified the pullout
sequence. If the model had information on these unscheduled layups and pullouts, it
would have simulated congestion as in Figure 5-26.
5PM 6PM
Fig. 5-26 - Simulated vs. actual congestion, Feb 2 6 th PM peak, original model
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4) Feb 25th PM peak - Effect of major disruption on congestion and departure delay
Extracted from Appendix DI, in the PM peak of Feb 2 5th, there were 2 large arrival gaps
in the middle of the peak: a 13-min gap at 4:50pm, and a 20-min gap at 5:07pm (see
Figure 5-27).
Fig. 5-27 - Arrival pattern at 95t h, Feb 25h PM peak
As shown in Figure 5-28, similar to the results in Feb 2 6th PM peak, the original
simulation model overestimated the amount of congestion in the beginning of the peak
(4-5pm), and slightly overestimated congestion in the remainder of the peak. After
analyzing the actual data (see Appendix D), it was found that the reason for the
discrepancies were again due to extensive re-sequencing of pullouts at the beginning of
the peak, and two unscheduled layups towards the end of the peak.
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Fig. 5-28 - Simulated vs. actual congestion, Feb 2 5th PM peak, original model
Based on the experience in Feb 2 6th PM peak, if we modify the pullouts sequence and
add real-time layups in the model, it is anticipated that the model could better predict the
actual congestion.
For departure delay, the model could predict the general trend of departure delay
resulting from the two large arrival gaps (Figure 5-29). The smoother actual delay
compared with the simulated delay suggests that the supervisor might have taken control
actions to even out departure headway.
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Fig. 5-29 - Simulated vs. actual departure delay, Feb 25 PM peak, original model
The 5-6 minutes departure delay observed between 6 to 7pm in Figure 5-29 was caused
by an extra pullout at 6:25pm, where the extra pullout had shifted the departure time of
the subsequent trains by 1 headway. Again, if this extra pullout were added into the
model, the same amount of departure delay would be simulated.
Conclusion on model validation with Feb 2 5t, 2 6th data:
The results of the two days validation suggest that CTA terminal supervisors were able to
flexibly operate yard moves to accommodate variability observed at the terminal (see
Section 5.2 for discussion on various stochastic train processes). Also, the validation
shows that current simulation model could accurately simulate terminal performance if
information about how supervisors carry out real-time service management at terminal is
known.
However, because of the complexity of the real-time service management decision
process, it is difficult for the simulation model to simulate the real-time service
management process at the terminal. Moreover, given the regular employment of service
management at the terminal, simulating performance based on no service management
93
Departure delay
scheduled vs actual departure (Feb 25th PM peak)
Winter 2001
16
14-
-- s im ulated a12 -
10 -- +Feb25th, 200210
6
4
2
0
Schedule 95th departure
(as the current model does) would not produce accurate performance estimates for the
terminal.
To solve this problem, instead of trying to replicate the wisdom of how supervisor
conduct service management at 9 5 th in the model, the simulation model was modified
such that all yard moves are excluded from the modified model, i.e. all trains arriving at
the terminal are turned back for service in the other direction. This simplification solves
the problem of real-time train re-sequencing, and is justified by the observation that
terminal operations personnel operate yard moves without interfering with ordinary turn
back operations.
With the modified model, for 3-min headway operations with 5-min recovery at terminal,
the average train congestion is simulated to be 1.7 minutes, which is comparable to the
average congestion observed (1.4min in 3-min period) in the February 2001 data.
Therefore, combined with the validation process presented in this section, it is shown that
the modified model can indeed predict 9 5 th performance accurately.
5.3.2 Experimental design of simulation analysis
This section describes the design of the simulation analysis. The structure of the
simulation model is first presented, then the specifications of the simulation model are
stated. Finally, the outputs of the simulation model are discussed.
Structure of simulation analysis
To test the sensitivity of various aspects of terminal performance to schedule headway,
length of peak, and train recovery time, a 3-layer structure is adopted, as shown in Figure
5-30
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Fig. 5-30- Structure of simulation analysis
The three variables to be tested are structured into the three layers in Fig. 5-30. On the
top layer is the train headway entering and departing the terminal. For the purpose of
finding the minimum practical capacity of the terminal, headways ranging from 2min to
3.5min (in 0.5min interval) were simulated with each headway having its own
spreadsheet model. Under each headway, train recovery times ranging between 0 to 10
minutes were simulated. For each recovery time, three performance indicators are
generated for each of 40 scheduled trains: terminal congestion and departure delay will
be shown on a per-train level, whereas standard deviation of inter-departure time will be
shown in a 5-train interval.
50 sets of pre-generated inputs (arrival times, 87t to 94 th running time, and platform
activity time) were input to the model, which generate 50 sets of performance measures
for each headway analyzed. Then average results for each of the 40 trains were obtained
by averaging the results from 50 simulation runs.
Specifying the simulation model with current variability
The three type of variability discussed in Section 5.2.2 through 5.2.4 were specified in the
model as follows:
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1) Arrival times
Schedule deviation is used to specify arrival time variability in the simulation model.
Normal distributions were used to simulate the arrival deviation in the model. The
following parameters were used in the arrival deviation generation process:
- Mean: 0
- Standard deviation: actual standard deviations in Feb, 2002 (refer to Appendix
Al)
o Interpolated between 3min and 3.5min value
o Extrapolated to 2min
Table 5-7 - Standard deviation for arrival deviation generation
Headway 2 2.5 3 3.5
Standard deviation 3.24 3.16 3.08 3
2) 8 7th to 94h running time
Based on the discussion in Section 5.3.3, the lognormal distribution with expression {43
+ lognormal (22,26)} was used to generate uncongested train running time from 8 7th
station to 9 4 th interlocking.
3) Platform activity time at 9 5 th
Based on the discussion in Section 5.3.4, an asymmetric triangular distribution with
parameter (1,1.3,2) was used to generate platform activity times at 95th
In additional to these three stochastic processes, running time between 9 4 th interlocking
to 9 5 th platform was set at a deterministic value of 1 minute (see Section 5.3.3 for
justification).
Outputs of the simulation model
Based on the specifications described in the previous section, the simulation model was
used to generate three types of performance measures for headways between 2 and 3.5
minutes:
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1) Congestion illustrates the expected amount of terminal congestion incurred by
each of the 40 trains entering the terminal
2) Departure delay illustrates the expected amount of departure delay experienced
by each of the 40 trains departing from the 9 5th terminal
3) Inter-departure time standard deviation illustrates the amount of variation in
inter-departure times per 5 trains. It serves as a secondary indicator for departure
service quality
The detailed simulation results are shown in Appendix E, while specific sensitivity of
terminal performance to train headway, length of peak operations, and train recovery time
will be discussed in section 5.3.3 and 5.3.4.
5.3.3 Influence of train headway and length of peak operations
Figures 5-31 to 5-33 show the influence of train headway on terminal performance. These
results were generated using 5-min recovery time at the terminal (this will be shown in
Section 5.3.4 to be the optimum scheduled recovery in 3-min operations, it is applied to
generate performance for other headways as well for the purpose of cross-headway
comparison).
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Fig. 5-31 - Congestion build up with time
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1) Congestion illustrates the expected amount of terminal congestion incurred by
each of the 40 trains entering the terminal
2) Departure delay illustrates the expected amount of departure delay experienced
by each of the 40 trains departing from the 9 5th terminal
3) Inter-departure time standard deviation illustrates the amount of variation in
inter-departure times per 5 trains. It serves as a secondary indicator for departure
service quality
The detailed simulation results are shown in Appendix E, while specific sensitivity of
terminal performance to train headway, length of peak operations, and train recovery time
will be discussed in section 5.3.3 and 5.3.4.
5.3.3 Influence of train headway and length of peak operations
Figures 5-31 to 5-33 show the influence of train headway on terminal performance. These
results were generated using 5-min recovery time at the terminal (this will be shown in
Section 5.3.4 to be the optimum scheduled recovery in 3-min operations, it is applied to
generate performance for other headways as well for the purpose of cross-headway
comparison).
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Fig. 5-31 - Congestion build up with time
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As seen from both Figures 5-31 and 5-32, train congestion and departure delay builds up
linearly with time in the 2-min headway operations. For example, terminal congestion
increases from 2 min per train in the beginning of the peak to over 14 minutes per train
after 80 minutes. For departure delay, delay increases from 0 to 13 minutes after 80
minutes. This suggests that 9 5th terminal performance is highly sensitive to length of peak
operations when it is run in 2min headway and quickly results in unacceptable train
delays.
For 2.5-min headway, there is a slight build up of train congestion and departure delay at
the beginning of the peak. Congestion builds up from 1.5min to 3min per train in 30
minutes, then stays at this level thereafter. Departure delay builds up from 0min to
1.5min in 30 minutes, and then remains at that level.
This build up of train congestion and departure delay is expected as our earlier discussion
on 9 5th theoretical capacity suggests that the terminal can only run 2.4min operations in
the best possible conditions (see Section 5.2.6). Attempting to run 2min headway into the
terminal will therefore cause train queue to develop quickly, and running the terminal in
2.5 minutes is also likely to cause congestion as a result of various aspects of variability
present at the terminal.
When headway is greater than 2.5min, train congestion and departure delay remains at
the same level throughout the simulation period. In general, running the terminal at
smaller headway generates more congestion, more departure delay, and larger variation
in inter-departure time. This is reasonable as the impact of operational variability become
larger when trains are running closer together.
Based on the simulation results, it is concluded that 9 5 th performance is sensitive to
length of peak operations only when the terminal is run at headway of 2.5min or less. For
headway greater than 2.5min, larger headway would results in less congestion, and better
departure service quality in terms of departure delay and inter-departure time.
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5.3.4 Influence of train recovery time
This section discusses the effect of scheduled recovery time on train congestion and
departure service quality. The theoretical framework is laid out first, and then the
simulation results are presented and discussed.
Theoretical framework
In section 4.3, scheduled recovery time is defined as the time between the scheduled
arrival time and the scheduled departure time of a train at a terminal. Figures 5-34 to 5-36
show the sensitivity of the three measures of terminal performance to scheduled recovery
for 3-minute headways.
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Figure 5-34 Sensitivity of congestion to recovery time (3min headway)
Figure 5-35 - Sensitivity of departure delay to recovery time (3min headway)
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Figure 5-36 - Sensitivity of inter-departure time standard deviation to recovery time
(3mim headway)
As suggested by the figure, the scheduled train recovery time at the terminal determines
the tradeoff between incoming congestion and outgoing departure service quality. If little
recovery time is scheduled, there will be less congestion but more departure delay and
more uneven departures. If more recovery time is scheduled, there will be less departure
delay and more even departures, but more congestion. This section explains the basis for
setting feasible recovery times, explores what happens if recovery time is set outside the
feasible range, and presents how scheduling different recovery times can affect the cycle
time of the rail line.
Feasible range of scheduled recovery time
The feasible range of scheduled recovery time is defined as:
The range of recovery times that yields no train delay under full platform utilization and
perfect operating conditions.
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It suggests the theoretical amount of recovery time that can be scheduled to avoid delay
(both incoming and outgoing) under the following conditions: Perfect operating
conditions with no operational variability. Note that under the given conditions, there is a
feasible range of recovery time for each train headway.
The feasible range of recovery time has an upper bound and a lower bound. Under the
stated conditions, if the scheduled train recovery time is greater than the upper bound,
congestion will occur; if the scheduled train recovery time is less than the lower bound,
departure delay will occur. The derivation of the upper and lower bounds for 9 5th
terminal are shown below:
- Upper bound on scheduled recovery time
1) At maximum platform utilization:
Arrival headway = (train movement time from 94 th to 9 5th + upper bound on scheduled
recovery time + train movement time from 9 5 ti to 9 4 th + conflict time at crossover)/2
Apply to 9 5th terminal:
Arrival headway = (1 min + upper bound on scheduled recovery time + 1 min+ 1/6min)/2
2) Rearranging gives:
Upper bound scheduled recovery time = 2*arrival headway - 2 - 1/6
Using this equation, the upper bound for headways between 2min and 3.5min were
computed as shown in Table 5-8. From the table, for example, when the arrival and
departure headway is 3 minutes, the upper bound on scheduled recovery time at the
terminal would be 3.7minutes.
Table 5-8 - Theoretical upper bound on scheduled recovery time
Headway (min) Upper bound on scheduled recovery time (min)
2 1.7
2.5 2.7
3 3.7
3.5 4.7
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- Lower bound on scheduled recovery time
The lower bound on scheduled recovery time is constrained by the platform activity time
at terminal. For the case of 9 5th terminal, if we consider platform activity time to be a
constant value of 1.5 minutes (average of actual maximum and minimum value at 9 5th)
the lower bound on scheduled recovery time at the terminal would be 1.5 minutes.
- Feasible range of scheduled recovery time
Given the upper and lower bounds, a feasible range of recovery time for each headway
are listed in Table 5-9. As seen from the table, the feasible range of recovery time
increases with headway. Bear in mind that the calculated feasible range of scheduled
recovery time is based on no processvariability.
Table 5-9 - Theoretical feasible range of scheduled recovery time
Headway (min) Feasible range of scheduled recovery time (min)
2 1.5- 1.7
2.5 1.5- 2.7
3 1.5- 3.7
3.5 1.5-4.7
Implication of scheduling recovery time outside the feasible range
This section illustrates the impact of setting scheduled recovery time outside the feasible
range under perfect operating conditions (no variability in operations).
- If schedule recovery time is set below the lower bound
When scheduled recovery time is less than the lower bound recovery time, no congestion
will result, but all trains would depart late by an amount equal to the difference between
platform activity time and the scheduled recovery time. For example, if the platform
activity time is 1.5 minutes and recovery time is 0 minute, then all train would depart 1.5
minutes late.
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- If scheduled recovery time is set above the upper bound
Table 5-10 illustrates the results for train congestion when scheduled recovery time is
greater than the upper bound. In the example, it is assumed that there was no train
dwelling at the terminal before the arrival of train 1. Therefore, for trains 1 and 2, they
could enter the terminal immediately without incurring any delay. For train 3 onwards,
however, because of the long scheduled recovery time, trains have to wait for 6-min
outside the terminal before they can berth at the terminal platform.
Table 5-10 - Effect of scheduling too much train recovery time:
Train # Schedule Actual Congestion Actual Schedule
arrival arrival (mini) recovery departure
time (min)
1 0:00:00 0:00:00 0 10 0:10:00
2 0:03:00 0:03:00 0 10 0:13:00
3 0:06:00 0:12:00* 6 4 0:16:00
4 0:09:00 0:15:00* 6 4 0:19:00
5 0:12:00 0:18:00* 6 4 0:22:00
6 0:15:00 0:21:00* 6 4 0:25:00
* 2min difference between subsequent departure and arrival are a result of train movement time between
crossover and platform, signal and switch time are ignored in this simplified example
Two observations arise about this simplified situation: First, train congestion remains
constant (6-min) throughout the time period, with no build up of train queue. Second, the
actual recovery time for trains is only 4 minutes, despite being scheduled for 10-minutes:
despite trains being scheduled to have 10-minute recovery times, the actual recovery they
will have at terminal will be much smaller.
Implication of recovery time on cycle time:
In an actual operating environment, train delays (both arriving and departing) can affect
train cycle time. The actual train cycle time contribution from scheduling different
recovery times can be calculated by the following equation:
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Actual cycle time contribution = Actual recovery time + total train delay (incoming and
outgoing)
Simulation results
After discussing the influence of train recovery time from a theoretical perspective, this
section discusses the simulation results incorporating the operational variability identified
in Section 5.3.2. First, the tradeoff between congestion and departure delay is discussed.
Then, the sensitivity of cycle time to recovery time is presented.
Tradeoff between congestion and departure delay
As discussed earlier in this section, setting train recovery time at a terminal is a decision
that relates to the tradeoff between incoming train congestion and departure delay. More
recovery time helps ensure on-time departures, but is likely to cause more congestion,
and vice versa.
Since the simulated train congestion and departure delay are observed to be constant over
the 40-train simulated period (except for 2-min headway), the 40-train average of the
three performance measures (terminal congestion, departure delay, and inter-departure
time standard deviation) can be used to represent performance of the terminal for each
recovery time. To illustrate this tradeoff, the results for 3-min headway are illustrated in
Figure 5-37.
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Fig. 5-37 - Tradeoff between congestion and departure
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As seen in Figure 5-37, average departure delay decreases with increasing recovery
times, while average congestion increases with increasing recovery time. In this
particular case, the total congestion delay is minimum (2.2min) when recovery time is 5
minutes, with an expected congestion of 1.7 min per train, and an expected departure
delay of 0.5 min per train.
Recall in the feasible recovery time's table, the feasible recovery time for 3-min headway
under idealized conditions is 2-3min, compared with the minimum total delay recovery
time of 5min under actual conditions. This discrepancy suggests that when variability in
operations is considered, optimal recovery time that generates minimum total delay could
be outside the theoretical feasible range of recovery time.
When using the above trade-off figure to select appropriate recovery time, it should be
noted that depending on the priority of train service at the terminal, incoming congestion
might have a higher weight than departure delay at certain times, and vice versa at other
times. In the case of the 9 5th terminal, for example, during the PM peak, incoming
congestion delay should have a higher weight than departure delay, as there are more
passengers on board the arriving trains. To take this into account, the total delay in Figure
5-37 should be modified by assigning different weights to congestion delay and departure
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delay. For example, if we assign a weight to incoming delay 3 times that for departure
delay, the following equation can be used to calculate total delay:
Total delay = 1.5*incoming delay + 0.5*departure delay
Figure 5-38 shows the resulting total delay curve. As seen in the figure, the recovery time
that yields minimum total weighted delay changed from 5 minutes to 4 minutes. At this
new optimum recovery time, the expected congestion decreases from the original 1.7
minutes to 1.5 minute per train, and the expected departure delay increased from the
original 0.5 minute to 0.9 minute per train.
Sensitivity of cycle time to recovery time
Based on the equation described earlier in this section (Actual cycle time contribution
Actual recovery time + total train delay), the impact of scheduling different recovery time
at the 9 5 th terminal for the 3-min headway case is illustrated in Figure 5-39.
As shown in the figure, for scheduled recovery time between 0 and 10 minutes, the actual
recovery time increases from 0 to 4 minutes only. This confirms our prior discussion in
the simplified case (see Table 5-10) that scheduled recovery time would not be realized
when it is set at too large value.
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Fig. 5-38 -Weighted total delay
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As scheduled recovery time increases from 0 to 10 minutes, the actual contribution to
cycle time first decreases from 0 to 3minutes, than increases from 3 to 10 minutes. This
confirms that recognizing the effect of congestion and departure delay, actual train cycle
time is impacted by the scheduled recovery time.
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5.3.5 Practical capacity
From Section 3.3.2, the
of 9 5 th
practical capacity of a terminal is defined as:
Maximum number of incoming trains a terminal can process in unit time with acceptable
terminal performance
One way to find the terminal practical capacity is to use total delay per train as the
terminal performance indicator, and then check for the critical headway that yields an
acceptable total.
To find the practical capacity of 9 5 th terminal, total delay simulated for headways
between 2.5 minutes and 3.5 minutes are shown in Figure 5-40. There are 3 lines in the
figure; each line illustrates the average total delay expected as a function of recovery time
for a particular headway. To determine the practical capacity, the minimum point of each
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line represents the best performance of the terminal under the corresponding train
headway. For example, for 3-min headway, the best performance is achieved at 2.2
minutes delay per train.
If the acceptable total delay of 9 5th terminal is set to be 3 minutes, the practical minimum
headway that terminal can run would be the minimum of all train headways that can
operate with delay less than 3 minutes, in this case is: min (3,3.5) = 3 minutes, which
yields a practical capacity of 60/3 = 20 trains per hour. If the acceptable total delay is set
to 2 minute, than the practical minimum headway of the terminal would be 3.5 minutes,
or 17 trains per hour.
Fig. 5-40 - Total train delay
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5.3.6 Benefit of improving arrival process variability
This section illustrates how the potential gain of terminal performance can be estimated
through improving the arrival process variability at the terminal. Train arrival time
variability is selected among the three processes because it is the dominant source of
variability among the three stochastic processes (see Section 5.3).
The current arrivals process was simulated based on normally distributed schedule
deviations. This section discusses the potential gain in performance if there is less
variation in the arrival process: To investigate this, the specification of the arrival process
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in the simulation model was modified as follows: the magnitude of the arrival time
standard deviations were reduced by 1 for all headways, while the normal distribution
with zero mean is still used. Then the simulation model was re-run to generate new
estimates of terminal performance, the detailed simulation outputs with modified arrival
pattern are shown in Appendix F.
From Appendix F, the reduction of train arrival time variability causes more congestion
at large recovery times (greater than 3 minutes), but reduced congestion for small
recovery times. For departure delay, the reduction of arrival time variability decreases the
amount of departure delay in all cases. For inter-departure time, except for the case of
small recovery times in 2min headway, the reduction of arrival variation has again
lowered the variation in inter-departure time.
Under the improved arrival pattern, 2-min operations would still cause congestion and
departure delay to build up with time, but the build up rates are slightly smaller.
To quantify the potential gain of performance, the reduction of average congestion for
each headway (assuming optimum recovery times) can be considered. Table 5-11 shows
the improvement in train congestion expected with the new arrival process.
Table 5-11 - reduction of congestion with reduced arrival variability
Headway Average congestion Average congestion Reduction in
per train per train (improved congestion per train
(original arrival) arrival)
3 minutes 1.68mins 1.38mins 0.3min
3.5 minutes 1.18mins 0.83mins 0.35mins
If benefit of the improvement is represented in monetary terms, the total improvement
can be calculated as follows:
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Total monetary gain (per peak) = reduction in congestion per train* # train per peak * #
passenger per train * value of in-vehicle waiting time per passenger per min
For example, in a hypothetical situation when 3-minute headways are run for 2 hours in a
peak, with average number of passenger of 100 per train and the value of in-vehicle
waiting time is $10 per hour, the monetary gain for improving arrival would be:
0.3 * (20*2) * 100 * 10/60 = $200 per peak.
Assuming 2 peaks per day and 250 weekdays per year, the annual gain would be:
$200*2*250 = $100,000 per year
Given this estimate, CTA management can then decide if there are any strategies that cost
less than then estimated amount to improve congestion.
5.4 Conclusions
This section summarizes the findings, conclusions, and recommendations of the 9 5th
terminal case study.
5.4.1 Findings:
1) Two weaknesses identified in train schedule that could affect performance
Two weak points were identified in the Winter 2001 train schedule. First, there are
inadequate buffer times set for conflicting train movements at 94th, which cause some
trains to wait in front of the 9 4 th interlocking if they arrive on time. Second, there are
inadequate platform times scheduled for 9 5th pullouts. However, given the amount of
variability present in the train arrival process and the ability of operations personnel to
operate the terminal with flexibility; it is believed that the impact of these schedule
weaknesses on terminal performance is insignificant.
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2) Current congestion
Weekday train congestion at 9 5th from February 2 2nd to March 1 1 th are summarized in
Table 5-12.
Table 5-12 - Train congestion at 9 5 th (February 2 2 "d - March 1 1 th)
10-percentile Mean 90-percentile
AM peak (7-1Oam) Omin 1min 2.6min
Midday (10am-4pm) Omin 1.6 3.7min
PM peak (4-7pm) Omin 0.8min 2.2min
Mean and variation of off-peak (as shown in Table 5-12) train congestion were found to
be larger than those in peak. The difference between peak and off-peak performance was
mostly likely caused by the presence of a towerman in peak periods, and construction and
maintenance work being conducted only in the off-peak period.
3) Great variability found in train arrival processes
1-month train arrival data at 95th suggests that there were frequent incidents on the rail
line that impact schedule operations in both AM and PM peak. From the data, there was
at least one major disruption (that caused 4 or more successive trains to arrive at 9 5th for
at least 5-min late) in 13 of the 21 days (60%) observed. As a result of the frequent
disruptions, operations on average were 4.4 minutes behind schedule at the end of AM
peak (9-10am), and 1.4 minute behind in the middle (5-6pm) of the PM peak. For inter-
arrival times at 9 5 th, the mean inter-arrival times from the actual data in general were
equal to the scheduled inter-arrival time, except for the 3-min scheduled headway period
(8:30 - 9:30am), where actual mean inter-arrival time was 3.8 minutes.
4) Other train processes at terminal
A lognormal distribution was found to best represent the uncongested running time
between 8 7th and 9 4 th based on 2.5 weeks of weekend running time data. Train movement
times between 9 4th and 9 5th (arriving and departing) were estimated to be 1 minute based
on actual distance (800ft) and assumed train speed (10mph). For 9 5th platform activity
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time variability, because of the lack of actual data, estimation was made based on
platform occupancy time data at 9 5th. An asymmetric triangular distribution with
parameters (1,1.3,2) was found to best represent the platform activity time at 95
5) Service management at 9 5 h
Given the train schedule and amount of train process variability discussed, analysis of
two days of detailed train movement data suggests that CTA operations were able to
flexibly operate yard moves to accommodate arriving train variability observed at the
terminal. This operational flexibility is made possible with the availability of extra
operator through the fall-back practice, and the availability of a train yard adjacent to the
terminal for unscheduled pullouts and layup.
5.4.2 Conclusions
1) Train schedule can be improved
Given the weak points identified in the Winter 2001 train schedule, current schedule can
be improved.
2) CTA operations can operate yard moves without interfering with turn back operations
Given the ability of CTA operations personnel to flexibly operate yard moves to
accommodate variability in train processes, it is expected that the operations personnel
can operate yard moves flexibly without interfering with ordinary turn back operations.
3) Minimum headway and practical capacity of 95th
Simulation model suggest that the minimum train headway 95th terminal can operate
without causing unstable queuing delay (congestion build up with time elapse) is 2.5
minutes. If acceptable total delay is 3 minutes per train, practical capacity of 9 5th terminal
is 20 trains/hour (3min headway). If acceptable delay is 2 minutes per train, practical
capacity of 9 5 1h is 17 trains/hour (3.5min headway).
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4) 9 5th is not the constraining point of the line
Given the actual inter-arrival time at 9 5 th was 3.8min during the 3-min scheduled
headway period, the Red Line cannot sustain 3min operations from a line perspective.
Because 9 5th terminal has the capability to operate at 3min headway, it is concluded that
95th terminal is not the constraining point of the line.
5) Optimum scheduled recovery times at 9 5th
The optimum scheduled recovery times at 9 5 th are summarized in Table 5-13.
Table 5-13 - Optimum scheduled recovery time at 95th
Headway Optimum Expected total CTA Winter
(min) scheduled train delay 2001 scheduled
recovery time (arrival + recovery time*
(min) departing)
2.5 6min 3.6min n.a.
3 5min 2.2min 6-11min
3.5 5min 1.5min 10min
* Current CTA schedule contain yard moves, which allow higher recovery times to be scheduled than for
terminals that do not have yard moves
In 3-min operations, despite optimum scheduled recovery times are smaller than the
current scheduled recovery time, arrival data in Section 5.2.2 suggests that train on
average arrived 4.4 minutes late at 9 5th, implying that actual train recovery time at 95
ranges between 3 and 7 minutes, right around the 5-minute optimum. Moreover, recovery
time is an important attribute that makes current operations possible. Therefore, it would
be dangerous to reduce the level of scheduled recovery time in the current schedule.
5.4.3 Recommendation
1) Human oversight of operations at 95 h should be maintained
Given current operations could operate the terminal effectively, current level of human
oversight of operations should be maintained.
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2) Further research on whole rail line needed
Given the conclusion that 9 5th terminal is not the constraining point of the line, and that
the line as a whole can not sustain 3-min headway, further research should be conducted
to identify the overall constraints on the rail line.
115
Chapter 6
Summary and Conclusions
This chapter first presents a summary of chapters 1 to 5, then discusses the findings and
recommendations from the thesis, and finally suggests future research.
6.1 Summary
Chapter 1 describes the motivation of the thesis study: terminals have become one of the
critical points on a rail line as ridership and train frequency increases, accompanied by an
increase in service expectations from passengers. However, planning and operations of a
terminal are complex tasks as there is a need for multi-departmental collaboration, and
there is a lack of well-established concepts and tools for transit agency use.
Chapter 2 describes the fundamentals of terminals. Based on the existing literature,
functions and performance of a transit terminal are first discussed, followed by a
discussion of existing concepts and models on terminal capacity. While there are many
studies conducted on passenger flows and station design, relatively few studies were
found on the rail side of transit terminals.
Chapter 3 describes the core concepts and a framework for analyzing terminal capacity
and performance. General train movements at a terminal are first described, followed by
a discussion of terminal capacity and performance concepts. For terminal capacity, the
concepts of theoretical capacity, train recovery time, yard moves, and queuing delays
implied by consistent minimum arrival headway, and practical capacity were discussed.
For terminal performance, four aspects of terminal performance were discussed:
Scheduled versus actual throughput represents the capability of a terminal to process
incoming trains; terminal congestion represents the amount of delay incurred by trains
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entering a terminal; schedule adherence represents the quality of departures from a
terminal; and operating costs related to terminal operations.
Then key parameters that affect terminal capacity and performance were presented based
on the operation analysis framework, where parameters were classified into line
characteristics, operating plan, and service management. Finally, a framework was
presented to illustrate how different parameters can be linked to analyze capacity and
performance of a terminal.
Chapter 4 describes the spreadsheet train movement simulation model. A simulation
model is needed because of the limitations of existing models. Steady state queuing
model could not be used to analyze peak performance of transit terminals because steady
state conditions do not hold for peak operations. Deterministic analytical capacity models
cannot be used to find practical capacity and suitable recovery time at a terminal because
they fail to incorporate stochastic train processes at a terminal. Therefore, the proposed
simulation model was developed to answer the following questions:
- What is the practical capacity of a terminal (or what is the minimum headway at
which a terminal can be run)?
- What is the appropriate amount of train recovery time at a terminal?
- How long can a specific headway be operated before train delays start to build
up?
The structure (inputs, specifications, outputs) of the model was described, followed by a
description of the generation of terminal performance data in the model. Finally, the
procedures for model application were listed.
Chapter 5 documents the case study of the CTA Red Line 9 5th Street terminal. It consists
of three sections: The first section focuses on understanding the general characteristic and
the operating plan of the terminal; the second section focuses on analyzing current
operations at the terminal; and the third section discusses the simulation analysis of the
terminal.
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In the first section, the general characteristics and operating plan of the terminal are first
presented based on the operations analysis framework introduced in Chapter 3. After that
service requirements for the whole rail line were discussed to understand the service
priority at 9 5th. Finally the Winter 2001 train schedule was assessed.
In the second section, the sources and processing of data obtained from February 2002
were first described. Then the three stochastic train processes at the terminal were
presented: train arrival process, train running time from 8 7 th station to 9 5th terminal, and
platform activity process at 9 5th. After that, the types of service management used by
terminal operations personnel were discussed. Finally the theoretical capacity of the
terminal was estimated.
In the third section, the simulation model described in Chapter 4 was first validated,
suggesting that the simulation model could predict accurately the terminal performance
given the real-time service management decisions. Then the experimental design of the
simulation analysis was presented. After that, the sensitivity of 9 5 th performance to train
headway, length of peak operations, and train recovery time was discussed based on the
simulation results. Then practical capacity of the terminal was determined. Finally
potential improvement of terminal performance from improving arrival time variability
was presented.
6.2 Findings and recommendations
6.2.1 General
1) Research methodologies
Analytical and simulations models were found to be useful tools in assessing terminal
capacity and performance. Simple analytical models could be used to estimate theoretical
capacity of a 2-track stub-end model, as well as the feasible range of scheduled train
recovery time under full platform utilization, but no variability in operations. A simple
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train movement simulation model could be used to assess practical capacity, and the
sensitivity of terminal performance to different variables (recovery time, headway, length
of peak operations), including consideration of stochastic train processes at a terminal.
2) Influence of scheduled train recovery time and the optimum value
The scheduled train recovery time at a high intensity terminal determines the tradeoff
between incoming congestion and outgoing departure service quality. If little recovery
time is scheduled, there will be less congestion but more departure delay and more
uneven departures. If more recovery time is scheduled, there will less departure delay and
more even departures, but more congestion. By simulating terminal performance using
different scheduled train recovery times, the optimum scheduled recovery time that
generates minimum total train delay could be found.
3) Practical capacity
Practical capacity of a terminal is a function of what is acceptable performance at the
terminal. When total train delay is used as a measure of performance, a higher acceptable
total train delay at terminal leads to a higher practical capacity.
6.2.2 CTA 9 5 th terminal
1) Weaknesses identified in train schedule that could affect performance
Two weak points were identified in the Winter 2001 train schedule. First, there are
thinadequate buffer times set for conflicting train movements at 94 , which would cause
some trains to wait in front of the 9 4 th interlocking if there arrived on time. Second, there
are inadequate platform times scheduled for 9 5 th pullouts. This suggests that the train
schedule can be improved.
2) Summary of current congestion
Weekday train congestion at 9 5 th from February 2 2nd to March 1 1 th are summarized in the
table below (extracted from Chapter 5).
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Train congestion at 9 5th (February 2 2 "d - March 1 1 1h) - extracted from Chapter 5
10-percentile Mean 90-percentile
AM peak (7-1Oam) 0min 1min 2.6min
Midday (IOam-4pm) 0min 1.6 3.7min
PM peak (4-7pm) 0min 0.8min 2.2min
Mean and variation of off-peak train congestion were found to be larger than those in
peak. The difference between peak and off-peak performance was most likely caused by
the presence of a towerman in peak periods, and construction and maintenance work
being conducted in the off-peak period.
3) Great variability found in train arrival process
1-month train arrival data at 9 5th suggests that there were frequent incidents on the rail
line that impact scheduled operations in both AM and PM peak. There was at least one
major disruption (that caused 4 or more successive trains to arrive at 95th at least 5
minutes late) in 13 of the 21 days (60%) observed. As a result of the frequent disruptions,
operations on average were 4.4 minutes behind schedule at the end of the AM peak (9-
10am), and 1.4 minute behind in the middle (5-6pm) of the PM peak. For inter-arrival
times at 9 5 th, the mean inter-arrival times from the actual data in general were equal to
the scheduled inter-arrival time, except for the 3-minute scheduled headway period (8:30
- 9:30am), where actual mean inter-arrival time was 3.8 minutes. This suggests that the
Red Line cannot sustain 3-minute headways from a line perspective.
4) Other train processes at the terminal
The variability of other train processes at terminal can be represented by fitting
distributions: A lognormal distribution was found to best represent the uncongested
running time between 8 7th and 9 4 ', 9 5' platform activity time variability, can be
represented by an asymmetric triangular distribution with parameters (1,1.3,2). The train
movement times between 94' and 95th (arriving and departing) were estimated to be 1
minute based on actual distance (800ft) and assumed train speed (10mph).
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5) Service management at 9 5 th
Given the train schedule and amount of train process variability, analysis of two days of
detailed train movement data suggests that CTA operating officials were able to flexibly
operate yard moves to minimize the impacts of the variability observed at the terminal.
This leads to the conclusion that CTA supervisions can operate yard moves without
interfering with turn back operations. This operational flexibility is made possible with
the availability of extra operators through the fall-back practice, and the availability of a
train yard adjacent to the terminal for unscheduled pullouts and layup.
6) Influence of train headway and length of peak operations
Simulation model results suggest that the minimum train headway for which 9 5 th terminal
can operate without causing unstable queuing delay is 2.5 minutes. If the terminal is run
at 2-min headways, congestion and departure delay will build up with time.
7) Practical capacity
If acceptable total delay is 3 minutes per train, practical capacity of 9 5 th terminal is 20
trains/hour (3min headway). If acceptable delay is 2 minutes per train, practical capacity
of 9 5th is 17 trains/hour (3.5min headway).
8) Influence of recovery time
The optimum scheduled recovery time at 9 5 th is 5 minutes for headway between 3 and
3.5 minutes. With 3-min headway operations, despite optimum scheduled recovery times
being smaller than the current scheduled recovery time, arrival data in Section 5.2.2
thhsuggests that trains on average arrived 4.4 minutes late at 95th, implying that actual train
recovery time at 95th ranges between 3 and 7 minutes, right around the 5-minute
optimum. Moreover, recovery time is an important attribute that makes current operations
possible. Therefore, it would be dangerous to reduce the level of scheduled recovery time
in the current schedule.
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9) 9 5th is not the constraining point of the Red Line
Given that the Red Line cannot sustain 3min operations, and 9 5th has the capability to
operate in 3-min headway, it is concluded that 9 5th terminal is not the constraining point
of the line.
10) Human oversight of operations at 9 5 th should be maintained
Given the current amount of variability observed in 9 5tth operations, and the ability of
operations personnel to accommodate them through effective service management, it is
recommended that current level of human oversight of operations be maintained at the
terminal.
6.3 Future research
1) On rail line capacity
Based on the 9 5 th terminal case study, it is concluded that there are other points on the
Red Line that could constrain line capacity. Therefore, a logical extension of this thesis
research would be to explore the capacity and performance for the whole rail line. Some
of the possible research questions are:
- What is the practical capacity of the rail line?
- What are the key variables that affect practical capacity of a rail line?
- How will train congestion/bottlenecks develop when line capacity is exceeded?
2) On other types of terminals
The second way of expanding current research is to explore capacity and performance in
other types of terminals. The models developed in this thesis are specific to a 2-track
stub-end terminal, but the same kind of analysis can be applied to other types of
terminals. The basic concepts and the framework for terminal capacity and performance
analysis defined in this thesis can also be applied to relay, loop, 3-track stub-end
terminals. Some of the possible research questions are:
- What are the theoretical and practical capacities of relay and loop terminals?
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- How should we compare capacity and performance between different types of
operations (e.g. stub-end vs. relay operations)?
3) On expanding the scope of terminal research
This thesis analyzed the sensitivity of terminal performance to variables including train
headway, train recovery time, length of peak operations, and other operational variability.
These are critical factors that can be modified in the short-run, but these are not the only
factors that could affect capacity and performance of a terminal. In view of this, future
research may be conducted to address the sensitivity of terminal performance to "longer-
term" variables, such as interlocking design and location, and train speed at a terminal.
Also, current train-based capacity analysis can be expanded to address the passenger-
processing capability of a terminal. For example, future research could combine train
capacity with platform capacity and station capacity when looking at overall performance
of a terminal.
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Appendix Al:
Distribution for schedule deviation of actual arrival at 95th terminal (Departure time at 87th)
Number of Data Points 284 97 411 581
Min Data Value -5.9 -4.5 -6.1 -5.6
Max Data Value 16.1 11.1 19.6 17.5
Sample Mean 1.08 1.76 0.957 0.399
Sample Std Dev 3.09 2.85 2.84 2.65
Distribution: Normal Normal Normal Normal
Expression: NORM(1.08, 3.08) NORM(1.76, 2.84) NORM(0.957, 2.84) NORM(0.399, 2.65)
Square Error: 0.002503 0.006284 0.003412 0.008561
Histogram Range = -6 to 17 = -5 to 12 = -7 to 20 = -6 to 18
Number of Intervals 16 9 20 24
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Appendix C:
87th to 94th crossover weekend runnin time distribution (seconds)
Number of Data Points 915
Min Data Value 43
Max Data Value 189
Sample Mean 64.6
Sample Std Dev 14.9
Distribution: Lognormal
Expression: 43 + LOGN(22.4, 15.8)
Square Error: 0.042035
Histogram Range 43 to 189
Number of Intervals 23
whole day < 189 sec
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Appendix D - Actual train movement data at 95th (Feb 25th & 26th, 2002)
Feb 26th - AM peak
Sch87th Sch 95th Sch
dep. dep. recovery
7:05:30 7:17:30 10
7:11:00 7:22:30 9.5
7:16:30 7:27:30 9
7:21:30 7:32:30 9
7:26:30 7:37:00 8.5
7:31:30 7:41:30 8
7:36:30 7:46:00 7.5
7:41:30 7:50:30 7
7:46:30 7:55:00 6.5
7:51:30 8:00:00 6.5
7:56:30 8:05:00 6.5
8:01:00 8:10:00 7
8:05:30 8:15:00 7.5
8:10:30 8:20:00 7.5
8:15:00 8:25:00 8
8:19:30 8:30:00 8.5
8:23:00 LS
8:28:00 8:35:00 5
8:31:00 8:40:00 7
8:34:00 LS
8:37:00 8:45:00 6
8:40:00 8:50:00 8
8:43:00 LS
8:46:00 8:55:00 7
8:49:00 9:00:00 9
8:52:00 LS
8:55:00 9:05:00 8
8:58:00 LS
9:01:00 9:10:00 7
9:04:00 9:15:00 9
9:07:00 LS
9:10:00 9:20:00 8
9:13:00 LS
9:16:00 9:26:00 8
9:19:00 9:32:00 11
9:22:30 LS
9:26:00 9:38:00 10
9:30:00 LS
9:34:00 9:44:00 8
9:38:30 9:50:00 9.5
9:43:00 9:57:30 12.5
9:48:00 LS
9:53:00 10:05:00 10
-I:uo:z f I:uo:z I V~uo~ai
7:12:44 7:13:44 7:14:25 7:14:17 7:23:06
7:16:47 7:17:56 7:18:39
7:21:16 7:22:15 7:24:06 7:23:58 7:32:21
7:25:38 7:26:37 7:28:52
7:31:48 7:32:48 7:33:38 7:33:21 7:42:19
7:39:07 7:40:06 7:40:40
7:41:04 7:42:03 7:43:19 7:43:11 7:51:02
7:52:25 7:53:25 7:54:07 7:53:59 7:56:40
7:54:49 7:55:40 7:56:13
7:57:46 7:58:53 8:01:00 8:00:52 8:05:20
8:02:31 8:03:22 8:03:56
8:06:27 8:07:33 8:08:07 8:07:59 8:11:28
8:10:47 8:11:47 8:12:27 8:12:19 8:15:33
8:16:14 8:17:13 8:17:55 8:17:47 8:20:09
8:19:10 8:20:09 8:21:07 8:20:59 8:25:10
8:22:22 8:23:29 8:23:55
8:25:45 8:26:44 8:27:17 8:27:09 8:31:28
8:28:06 8:29:39 8:30:55
8:33:58 8:35:14 8:36:04 8:35:56 8:40:48
8:36:04 8:37:02 8:37:36
8:37:52 8:38:59 8:41:49 8:41:40 8:46:26
8:39:48 8:42:14 8:46:09
8:45:05 8:46:35 8:47:18 8:47:10 8:54:12
8:47:09 8:48:09 8:51:20
8:50:09 8:51:47 8:55:04 8:54:56 9:00:50
8:55:04
8:56:21 8:56:21 8:56:56
8:58:56 9:00:06 9:01:43 9:01:34 9:10:17
9:01:43 9:02:44 9:05:46
9:05:11 9:06:38 9:10:00
9:07:28 9:10:34 9:11:17 9:11:09 9:20:11
9:15:04 9:16:05 9:17:40
9:17:05 9:18:13 9:21:13 9:20:56 9:27:02
9:19:46 9:21:30 9:22:40
9:26:37 9:27:45 9:28:27 9:28:11 9:32:09
9:32:00 9:33:00 9:34:01 9:33:44 9:38:22
9:34:25 9:35:16 9:35:42
9:37:21 9:38:30 9:39:28 9:39:12 9:44:47
9:39:11 9:40:18 9:43:47
9:43:29 9:45:04 9:45:54 9:45:46 9:56:55
9:50:55 9:51:55 9:52:27
10:02:36 10:04:00 10:09:17
7:18:29 7:28:01
7:28:44 7:37:00
7:40:22 7:46:49
7:55:57 7:59:59
8:03:47 8:06:02
8:23:47 8:29:55
8:30:55 8:34:49
8:37:27 8:45:15
8:46:00 8:50:19
8:51:12 8:55:30
8:56:48 8:59:05
8:59:40 9:04:45
9:05:38 9:09:02
9:09:52 9:16:40
9:17:30 9:21:57
9:22:30 9:32:44
9:35:32 9:43:05
9:43:30 9:51:04
9:52:19 10:06:29
Sch dep.
7:17:30
7:22:30
7:27:30
7:32:30
7:37:00
7:41:30
7:46:00
7:50:30
7:55:00
8:00:00
8:05:00
8:10:00
8:15:00
8:20:00
8:25:00
8:30:00
LS
8:35:00
8:40:00
LS
8:45:00
8:50:00
LS
8:55:00
9:00:00
LS
9:05:00
LS
9:10:00
9:15:00
LS
9:20:00
LS
9:26:00
9:32:00
LS
9:38:00
LS
9:44:00
9:50:00
9:57:30
LS
10:05:00
IDR LYE Platform
7:17:12 2
7:22:50 1
7:27:34 2
7:31:56 1
7:36:44 2
7:42:03 1
7:46:23 2
7:50:45 1
7:56:21 1
7:59:34 2
8:05:46
8:11:11
8:15:15
8:19:52
8:24:53
8:29:39
8:34:31
8:40:31
8:44:49
8:49:53
8:53:47
9:00:32
9:04:19
9:09:56
9:16:21
9:19:55
9:26:37
9:32:18
9:38:04
9:44:29
9:50:39
9:56:38
10:06:05
W.z
8.8
9.5
8.4
8.3
9.0
6.4
7.9
2.7
4.0
4.5
2.3
3.5
3.2
2.4
4.2
6.1
4.3
3.9
4.9
7.8
4.8
4.3
7.0
4.3
5.9
2.3
5.1
8.7
3.4
6.8
9.0
4.4
6.1
10.2
4.0
4.6
7.6
5.6
7.6
11.1
14.2
1 1.4 5.3 layup
Reason
for
Layup/Pul congestlo
lout? n
layup
cancel layup
layup
running slo%
cancel layup
layup platform full
cancel layu platform full
layup platform full
cancel layu platform full
layup
cancel layu platform full
layup platform full
cancel layu platform full
affected by
sch. layup
platform full
sch. layup
sch. layup
platform full
cancel layup
Feb 25th -AM peak
Sch87th Sch95th Sch
dep. dep. recovery
7:05:30 7:17:30 10
7:11:00 7:22:30 9.5
7:16:30 7:27:30 9
7:21:30 7:32:30 9
7:26:30 7:37:00 8.5
7:31:30 7:41:30 8
7:36:30 7:46:00 7.5
7:41:30 7:50:30 7
7:46:30 7:55:00 6.5
7:51:30 8:00:00 6.5
7:56:30 8:05:00 6.5
8:01:00 8:10:00 7
8:05:30 8:15:00 7.5
8:10:30 8:20:00 7.5
8:15:00 8:25:00 8
8:19:30 8:30:00 8.5
8:23:00 LS
8:28:00 8:35:00 5
8:31:00 8:40:00 7
8:34:00 LS
8:37:00 8:45:00 6
8:40:00 8:50:00 8
8:43:00 LS
8:46:00 8:55:00 7
8:49:00 9:00:00 9
8:52:00 LS
8:55:00 9:05:00 8
8:58:00 LS
9:01:00 9:10:00 7
9:04:00 9:15:00 9
9:07:00 LS
9:10:00 9:20:00 8
9:13:00 LS
9:16:00 9:26:00 8
9:19:00 9:32:00 11
9:22:30 LS
9:26:00 9:38:00 10
9:30:00 LS
9:34:00 9:44:00 8
9:38:30 9:50:00 9.5
9:43:00 9:57:30 12.5
9:48:00 LS
9:53:00 10:05:00 10
9:58:00 10:12:30 12.5
DRI- -DR- DR-
88 UNOC ARR-OC ARRUNU PLAT-1.. PLAT i. PLAT 2 PLAT_2
C C OCC qCC LMOCC OCC uwwCC
7:05:59 7:07:23 7:07:57 7:07:49 7:17:39
7:12:28 7:13:38 7:14:10 7:14:02 7:22:05
7:15:08 7:16:49 7:18:45 7:18:28 7:27:38
7:22:46 7:24:01 7:24:51 7:24:43 7:32:13
7:26:39 7:27:38 7:28:37 7:28:27 7:37:47
7:31:40 7:32:39 7:33:20 7:33:12 7:40:58
7:36:49 7:38:37 7:39:18 7:39:09 7:46:21
7:40:57 7:41:57 7:42:38 7:42:21 7:51:03
7:44:33 7:45:41 7:47:27 7:47:19 7:56:10
7:51:02 7:52:09 7:52:59 7:52:51 8:00:18
7:56:51 7:57:50 7:58:22 7:58:14 8:05:33
8:04:18 8:05:17 8:06:32 8:06:24 8:10:24
8:06:48 8:07:47 8:08:11 8:08:03 8:15:08
8:14:01 8:15:08 8:16:16 8:16:07 8:19:57
8:16:41 8:17:48 8:18:21 8:18:13 8:24:14
8:19:21 8:20:22 8:21:06 8:20:57 8:27:57
8:21:48 8:22:49 8:25:05 8:24:57 8:34:52
8:25:13 8:26:40 8:28:58 8:28:49 8:32:14
8:28:49 8:30:14 8:33:00 8:32:50 8:40:01
8:30:31 8:33:34 8:35:44 8:35:36 8:40:01
8:37:44 8:38:52 8:41:03 8:40:54 8:46:01
8:39:35 8:41:19 8:43:03 8:42:46 8:51:04
8:43:28 8:44:28 8:47:01 8:46:53 8:52:54
8:48:24 8:49:22 8:52:04 8:51:48 8:56:25
8:53:19 8:52:20 8:57:58 8:57:42 9:07:24
9:00:55 9:01:56 9:02:38 9:02:29 9:12:48
9:08:58 9:09:57 9:10:32 9:10:23 9:18:50
miss trip miss trip miss trip miss trip miss trip miss trip miss trip
9:11:30 9:12:40 9:13:48 9:13:39 9:23:45
9:17:33 9:19:16 9:19:58 9:19:50 9:24:27
9,21:05, *22:9 '914:30, S-24:27 7:8
9:26:08 9:26:59 9.27.31 9:27:23 9:32.25
9-30:Al W:3t:1o -9-33:4 9:33:a2 * 3W88
9-31.51 9:34:06 9.34:49 9-34:40 9:38-53
9-34-30 9:54 6 8 9:39:40 9 4:47,
9:37:35 9:39:44 9.40:42 9:40:25 9:42.57
0?40:24, 9-41;32 9:43:30 9:43:.22 9:50:20
9:43:55 9:45:03 9-46 01 9:45:44 9:49:47
9:45:36 9.-4643 9:51:20 9:5161 9-54:23
9:47 40 9:51 45 9:52:27 9:52:27 9:56:12
$:54:10 9:5244 9:54:58 9:4:49 10:04:35
9:58:09 9:59:08 9:59:50 9:59:42 10:10:17
9,59:41 10-00:40 10:65:-2.5 10:05:17 10:16:50
Sch dep.
7:17:30
7:22:30
7:27:30
7:32:30
7:37:00
7:41:30
7:46:00
7:50:30
7:55:00
8:00:00
8:05:00
8:10:00
8:15:00
8:20:00
8:25:00
8:30:00
8:35:00
8:40:00
LS
8:45:00
8:50:00
LS
8:55:00
9:00:00
LS
9:05:00
ILS
9:10:00
9:15:00
LS
9:20:00
LS
9:26:00
9:32:00
L S
9:38:00
L S
9:44:00
9:50:00
9:57:30
L S
10:05:00
10:12:30
Platform
7:17:21
7:21:40
7:27:21
7:31:57
7:37:22
7:40:42
7:46:05
7:50:47
7:55:54
8:00:02
8:05:09
8:10:00
8:14:52
8:19:40
8:23:49
8:27:31
8:34:35
8:39:35
8:45:37
8:50:48
8:56:00
9:07:07
9:12:30
9:18:24
2 1.8 9.8
1 1.6 8.1
? 3.3
1 2.0
2 1.8
1 1.5
2 2.3
1 1.4
2 2.8
1 1.8
2 1.4
1 2.1
2 1.2
1 2.1
2 1.5
1 1.6
2 3.2
1 3.6
1 4.0
2 5.1
1 3.2
2 3.2
1 3.4
2 3.4
2 4.4
1 1.6
2 1.4
Reason
for
congestio
n
9.2
7.5
9.3
7.8
7.2
8.7
8.8
7.5
7.3
4.0
7.1
3.8
6.0
7.0
9.9 cancel layup
3.4 layup
7.2 layup
4.4 cancel layup
5.1
8.3
6.0 sch. layup
4.6
9.7
10.3
8.5 cancel layup
1 2.1 10.1 layup
9:23:27 2 2.3 4.6 cancel layup
:7:4I I 4 -O 4%full
9.32-00 2 1.2 5.0 cancel layup
1 3.3 4.6 layup
9:38:01 2 28 4.2 affected by
9:43,30 1 4, 46 cancel layu ptar
2 2.8 2.5 layup affected by
0 2 3.0 7G cancel layu 1110" 44
1 1.8 4.0 layup
72 $. 1 ,layup fiVt*Au1i
9:55:56 1 4.8 3.7 affected by
16:04:8 2 3.7 9-8 cancel layu p% tN full
10:10.00 1 1.5 10.6
10:16:30 2 5,6 11'? plaftm full
- - I - lw
ILE
Feb 26th - PM peak
Sch 87th Sch 95th Sch
dep. dep. recovery
16:01:00 16:09:30 6.5
16:14:00
16:07:00 16:18:30 9.5
16:13:00 16:23:00 8
16:27:00
16:19:00 16:30:30 9.5
16:24:30 16:34:00 7.5
16:37:00
16:30:00 16:40:00 8
16:43:00
16:35:00 16:46:00 9
16:40:00 16:49:00 7
16:52:00
16:45:00 16:55:00 8
16:58:00
16:50:00 17:01:30 9.5
16:55:00 17:05:00 8
17:00:00 17:08:30 6.5
17:04:30 17:12:00 5.5
17:16:00
17:09:00 17:20:00 9
17:13:30 17:24:00 8.5
17:18:00 17:28:30 8.5
17:22:30 17:33:00 8.5
17:27:00 17:37:30 8.5
17:31:30 17:42:00 8.5
17:36:00 17:46:30 8.5
17:40:30 17:51:00 8.5
17:45:00 17:55:30 8.5
17:49:30 18:00:00 8.5
17:54:30 18:05:00 8.5
17:59:30 18:10:00 8.5
18:04:30 18:15:00 8.5
18:09:30 18:20:00 8.5
18:14:30 18:25:00 8.5
18:19:30 18:30:00 8.5
18:24:30 18:35:30 9
18:29:30 18:41:30 10
18:34:00 LS
18:38:30 18:47:30 7
18:43:00 18:53:30 8.5
18:48:00 18:59:30 9.5
18:52:30 LS
18:57:30 19:06:30 7
16:05:22 16:10:57
16:05:56
16:07:37
16:11:39
16:19:47
16:25:39
16:27:45
16:06:55
16:08:44
16:12:54
16:20:54
16:26:45
16:29:10
16:07:37
16:12:04
16:13:37
16:21:35
16:27:28
16:31:54
16:34:54 16:36:03 16:37:31
16:38:14 16:39:15 16:39:41
16:45:10 16:46:22 16:47:05
16:49:12 16:50:07 16:50:42
16:53:43 16:54:34 16:55:09
17:01:05 17:02:06 17:02:49
17:02:56 17:04:04 17:07:08
17:12:44
17:15:14
17:20:11
17:21:54
17:26:15
17:29:13
17:42:31
17:44:29
17:46:10
17:49:42
17:57:20
17:59:25
18:04:19
18:09:38
18:17:08
18:20:45
18:26:29
18:32:31
18:36:43
18:38:34
18:48:29
18:52:41
17:13:51
17:16:13
17:21:10
17:23:18
17:27:31
17:30:20
17:43:31
17:45:28
17:47:19
17:50:49
17:58:19
18:00:43
18:05:20
18:10:45
18:18:14
18:21:45
18:27:29
18:33:41
18:37:43
18:39:34
18:49:31
18:53:31
17:14:33
17:17:40
17:23:01
17:25:59
17:30:04
17:33:00
17:44:21
17:46:02
17:50:15
17:51:22
18:00:25
18:01:32
18:06:02
18:11:35
18:18:56
18:22:26
18:28:47
18:34:32
18:38:26
18:44:04
18:50:14
18:54:07
16:07:28 16:12:04
16:13:27 16:18:22
16:21:18 16:27:3W7
16:31:46 16:36:20
16:37:23 16:39:50
16:43:09 16:45:47
16:46:56 16:50:25
16:51:08 16:55:25
16:56:01 17:01:32
17:02:40 17:06:17
17:07:00 17:12:44
17:14:24 17:21:10
17:22:53 17:28:56
17:29:47
17:44:13
17:50:07
18:00:17
17:37:35
17:48:59
17:53:52
18:04:38
18:05:45 18:15:45
18:18:48 18:25:22
18:28:39 18:36:24
18:38:18 18:46:38
18:49:58 18:53:50
16:11:55
16:16:00
16:15:25
16:24:14
16:27:10 16:30:53
16:34:29 16:36:29
16:39:31 16:42:25
16:46:04 16:49:05
16:50:33 16:52:59
16:55:00 16:58:33
17:03:21 17:08:40
17:12:52 17:16:39
17:17:30 17:25:00
17:25:51 17:32:01
17:32:44 17:43:14
17:45:54 17:49:08
17:51:14 17:59:17
18:01:24 18:10:19
18:11:19 18:21:02
18:22:17 18:30:22
18:34:23 18:43:03
18:43:47 18:48:30
18:53:58 18:57:46
DRI- DR- OR-
88-UW)C ARR-OC ARRIIN- A PLAT-1 PLAT PLAT-2 T__
C C GCC OCC UNOCC OCC dwqCC: Sch dep.
16:09:30
16:14:00
16:18:30
16:23:00
16:27:00
16:30:30
16:34:00
16:37:00
16:40:00
16:43:00
16:46:00
16:49:00
16:52:00
16:55:00
16:58:00
17:01:30
17:05:00
17:08:30
17:12:00
17:16:00
17:20:00
17:24:00
17:28:30
17:33:00
17:37:30
17:42:00
17:46:30
17:51:00
17:55:30
18:00:00
18:05:00
18:10:00
18:15:00
18:20:00
18:25:00
18:30:00
18:35:30
18:41:30
LS
18:47:30
18:53:30
18:59:30
LS
19:06:30
1.5 4.6
4.3 3.5
1.8 4.9
8.2
1.5 6.3
1.5 3.7
4.0 4.6
2.0
DRLE_ Platform
;kCC #
16:10:40 2 na
1
16:15:01 2
16:18:05 1
16:23:50 2 na
16:27:19 1
16:30:34 2
1
16:36:03 2 na
16:39:31 1
16:42:00 2
16:45:28 1 na
16:48:40 2 na
16:50:07 1
16:52:33 2
16:55:09 1 na
16:58:17 2
17:01:14 1 na
17:06:00 1
17:08:15 2 na
17:12:26 1
17:16:22 2 na
17:20:45 1
17:24:43 2
17:28:38 1
17:31:45 2
17:37:19 1
17:42:50 2
1
17:48:51 2
17:53:35 1
17:59:01 2
18:04:19 1
18:10:03 2
18:15:28 1
18:20:37 2
18:25:03 1
18:30:04 2
18:35:51 1
18:42:37 2
1
18:48:05 2
18:53:31 1
18:57:29 2
Reason
for
M Layup/Put congestio
lout? n
5.6 early pullout
layup
early pullout
layup
sch. Pullout
2.5
2.9
2.6 late pullout
3.0 early pullout
3.5
2.4
4.3 early pullout
3.6
5.5 pullout for layup
3.6
5.3 pullout for layup
5.7
3.8 sch. Pullout
6.8
7.5
6.0
6.2
7.8
10.5
4.8 layup
3.2
3.7
8.0
4.4
8.9
10.0
9.7
6.6
8.1
7.7
8.7
8.3 layup
4.7
3.9
3.8
-0
2.5
1.3
1.8
1.4
1.3
1.6
4.1
1.7
2.3
2.7
4.0
3.5
3.5
1.7
1.4
4.0
1.5
3.0
2.0
1.4
1.7
1.7
1.5
2.2
1.9
1.6
5.2
1.5
1.3
Feb 25th - PM peak
Sch 87th Sch95th Sch
dep. dep. recovery
16:01:00 16:09:30
16:14:00
16:07:00 16:18:30
16:13:00 16:23:00
16:27:00
16:19:00 16:30:30
16:24:30 16:34:00
16:37:00
16:30:00 16:40:00
16:43:00
16:35:00 16:46:00
16:40:00 16:49:00
16:52:00
16:45:00 16:55:00
16:58:00
16:50:00 17:01:30
16:55:00 17:05:00
17:00:00 17:08:30
17:04:30 17:12:00
17:16:00
17:09:00 17:20:00
17:13:30 17:24:00
17:18:00 17:28:30
17:22:30 17:33:00
17:27:00 17:37:30
17:31:30 17:42:00
17:36:00 17:46:30
17:40:30 17:51:00
17:45:00 17:55:30
17:49:30 18:00:00
17:54:30 18:05:00
17:59:30 18:10:00
18:04:30 18:15:00
18:09:30 18:20:00
18:14:30 18:25:00
18:19:30 18:30:00
18:24:30 18:35:30
18:29:30 18:41:30
18:34:00 LS
18:38:30 18:47:30
18:43:00 18:53:30
18:48:00 18:59:30
18:52:30 LS
18:57:30 19:06:30
6.5 16:03:54 16:05:01 16:05:45 16:05:36 16:11:01
16:05:44 16:07:07 16:07:49 16:07:41 16:14:48
16:11:36 16:18:41
16:13:14 16:14:14 16:15:55 16:15:47 16:23:51
16:19:07 16:20:06 16:20:40 16:20:31 16:27:28
16:24:25 16:30:31
16:30:50 16:31:57 16:32:39 16:32:30 16:35:39
16:32:29 16:33:28 16:33:54 16:33:46 16:38:30
16:38:40
16:42:25
16:47:03
16:49:41
16:39:42
16:43:27
16:48:14
16:50:42
17:03:51 17:04:50
17:05:32 17:06:42
17:07:23 17:08:39
17:28:33
17:30:15
17:32:58
17:35:07
17:37:22
17:39:37
17:41:59
17:43:48
17:46:18
17:49:07
17:54:21
18:00:31
18:04:02
18:09:53
18:15:17
18:19:11
18:24:36
18:30:38
18:33:25
18:37:20
18:43:38
18:47:04
17:29:34
17:31:15
17:34:08
17:36:15
17:38:30
17:42:07
17:45:46
17:48:09
17:49:42
17:51:06
17:55:28
18:01:22
18:05:01
18:10:52
18:17:06
18:20:18
18:26:09
18:31:46
18:35:14
18:38:44
18:44:39
18:48:06
16:40:25
16:45:38
16:48:57
16:51:44
17:05:24
17:07:41
17:09:30
17:30:16
17:31:41
17:34:51
17:38:05
17:41:43
17:45:21
17:47:52
17:49:25
17:50:50
17:54:40
17:58:00
18:01:56
18:05:51
18:12:15
18:19:45
18:25:09
18:27:32
18:32:19
18:36:56
18:40:15
18:45:13
18:48:58
16:38:40 16:41:43
16:45:20 16:47:39
16:48:49 16:52:20
16:55:02
17:02:36
17:07:23
17:22:20
17:30:08
17:34:42
17:41:25
16:58:24
17:06:42
17:11:11
17:28:16
17:32:31
17:40:44
17:46:55
17:47:44 17:49:52
17:50:32 17:56:54
17:57:44 18:02:56
18:05:43
18:12:06
18:27:15
18:36:48
18:40:07
18:48:49
16:40:17 16:44:11
16:45:38 16:50:33
16:51:34 16:55:20
16:56:30 17:01:32
17:05:16 17:08:14
17:09:22 17:22:29
17:31:31
17:37:57
17:45:13
17:37:05
17:44:13
17:48:51
17:49:16 17:53:30
17:54:30 17:59:16
18:01:48 18:07:05
18:11:17
18:09:45
18:25:43
18:19:37
18:25:01
18:35:57
18:39:25
18:47:48
19:00:18
18:18:28
18:24:45
18:30:39
18:32:11 18:42:29
18:45:04 18:53:59
Sch dep.
16:09:30
16:14:00
16:18:30
16:23:00
16:27:00
16:30:30
16:34:00
16:37:00
16:40:00
16:43:00
16:46:00
16:49:00
16:52:00
16:55:00
16:58:00
17:01:30
17:05:00
17:08:30
17:12:00
17:16:00
17:20:00
17:24:00
17:28:30
17:33:00
17:37:30
17:42:00
17:46:30
17:51:00
17:55:30
18:00:00
18:05:00
18:10:00
18:15:00
18:20:00
18:25:00
18:30:00
18:35:30
18:41:30
LS
18:47:30
18:53:30
18:59:30
LS
19:06:30
DR-LVE- Platform
PCC #
16:10:45 2
16:14:30 1
16:18:16 2 na
16:23:34 1
16:27:11 2
16:30:15 1 na
16:35:20 1
16:38:05 2
16:41:17 1 na
16:43:54 2
16:47:30 1
16:50:16 2 na
16:52:00 1
16:55:02 2
16:58:05 1 na
17:01:16 2 na
17:06:24 1 na
2
17:10:46 1
17:22:12 2
17:28:08 1 na
17:32:23 1
17:36:40 2
17:40:26 1
17:43:57 2
17:46:36 1
2
17:49:33 1
17:53:05 2
17:56:37 1
17:58:59 2
18:02:38 1
18:06:41 2
18:11:00 1
18:18:12 2 na
18:25:26 1
2
18:30:13 2
18:35:39 1
18:42:04 2
1
18:47:21 1
18:53:41 2
19:00:01 1
Reason
for
!Patform Layup/Pul congestio
OC-C lout? n
1.7 5.4
2.0 7.1 cancel pullout
7.11 pullout
2.5 8.1
1.4 7.0 cancef pullout
6.1 Ipullout
1.7
1.3
1.6
2.9
1.8
1.9
1.4
1.9
2.0
1.6
1.3
1.7
2.8
4.1
5.6
5.8
5.5
4.2
5.4
3.4
1.3
1.7
2.2
4.3
5.8
2.7
1.5
3.4
2.8
1.4
1.8
3.2
4.7 cancel pullout
3.1 pullout
3.9 cancel pullout
2.3
4.9 pjut
3.5 cancel pullout
3.8
3.4 sch. Pullout
5.0 ullot
4.1 pullout
3.0 layup
3.8
13.1 cancel pullout
5.91pullout
2.4
5.6
6.0
6.3
5.5
3.6 layup
2.1
4.2
6.4
4.8
5.2
5.3
5.6
8.7 pullout
13.6
5.1
5.6
8.7 anlayp
10.3
2.6 yp |
7.71
8.9 cnllyp
11.5
U ~=S a~s
Appendix D1 - Simulated vs. Actual performance on Feb25th and Feb26th,
2002
- using original simulation model
Feb 26th- AM:
Arrival deviation (87th departure)
schedule vs. actual - Feb26th arrival
Winter 2001 - AM peak
12
10
8
6
4 -
2-
0
-4
-6
Schedule arrival (87th departure)
Running time from 87th to 95th - actual vs. simulated
14 mm
. 12 -- simulated
10 -- actual (Feb26,2002)
8
Cn6C
-4 4C
2 
0
7AM 8AM 9AM 10AM
Schedule 87th departure
Departure delay at 95th - actual vs. simulated with
Feb26th arrival
Winter 2001 - AM peak
9 --- simulated
7 + actual (Feb26,2002) 4
E 3
Schedule 95th departure
Feb25th -AM:
Running time from 87th to 95th - actual vs. simulated with
Feb25th arrival
Winter 2001 -AM peak
8
7 -- simulated
6 ---- actual (Feb25,2002)
5 -
= 4 -
$3-
0
7AM 8AM 9AM 10AM
Schedule 87th departure
Departure delay at 95th - actual vs. simulated with Feb25th
arrival
Winter 2001 - AM peak
Schedule 95th departure
Arrival deviation (87th departure)
schedule vs. actual - Feb25th arrival
Winter 2001 - AM peak
16
14
12
10
8
S6
.5 4
E 2
0
-6
Schedule arrival (87th departure)
10 -
8-
6-
. 4-
-E 2-
0-
-27>
-4 -
Feb 2 6 th PM
Arrival deviation
scheduled vs actual arrival (feb26th,02)
Winter 2001
Schedule 95th departure
7-
6-
5-
4-
3-
2
0-
-141
-2 -
-3 -
Schedule arrival (87th departure)
Simulated running time from 87th to 95th
Simulated vs. Actual (Feb 26th PM peak)
9 -1- - -1 . 1 1
8 - Simulated
7 Actual -
6-
C 5
-4
0
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Appendix E - Simulation results
Congestion build up with time (2-3.5min):
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Departure delay build up with time, inter-departure time standard deviation (2-3.5min):
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Appendix F - Simulation results with improved arrival process
Congestion build up with time (2-3.5min):
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Departure delay build up with time (2-3.5min):
Departure delay build up with time - 2-min headway
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